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ABSTRACT 


The  research  goals  of  this  ONR  sponsored  University  Research  Initiative  entitled  “Materials  for  Adaptive 
Structural  Acoustics  Control”  relate  directly  to  the  sensing  and  actuating  material  which  must  be  integrated  to 
function  in  adaptive  control  of  acoustic  structures.  This  report  documents  work  in  the  second  year  of  the  program 
and  for  convenience  the  activities  are  grouped  under  the  headings  General  Summary  Papers,  Materials  Studies, 
Composite  Sensors,  Actuator  Studies,  Integration  Issues,  Processing  Studies,  and  Thin  Film  Ferroelec tries. 

The  general  papers  cover  a  new  comprehensive  description  of  ferroelectric  ceramics  and  their  applications, 
analysis  of  high  temperature  piezoelectric  sensors  and  the  possible  application  of  nonlinearity  in  enhancing  the 
“smartness”  of  ceramics  and  composites.  Scale  effects  on  ferroics  are  of  increasing  interest  and  the  manner  in  which 
nano-scale  polar  regions  control  the  properties  of  relaxor  ferroelec  tries  is  again  emphasized 

For  material  studies  the  detailed  examination  of  the  evolution  of  diffuse,  that  relaxor  behavior  in  lanthanum 
modified  lead  titanate  has  been  completed.  Interest  in  the  soft  PZTs,  relaxor  and  phase  switching  materials 
continues,  with  a  new  thrust  developing  towards  a  more  complete  description  of  domain  walls  and  morphotropic 
phase  boundaries  in  perovskites.  Materials  issues  in  the  wear  out  and  fatigue  effects  in  polarization  switching 
systems  have  been  subjected  to  detailed  evaluation  and  the  precautions  necessary  to  fabricate  long  lasting  materials 
which  will  stand  10^  switches  without  any  fatigue  are  delineated. 

Sensor  studies  have  continued  to  focus  on  flextensional  composites  and  have  demonstrated  both  the  very 
high  hydrostatic  sensitivity  and  the  amplified  actuation  response  of  this  configuration.  Integration  of  sensors  with 
the  “moonie”  actuators  has  been  accomplished  in  individual  cells.  Actuator  studies  cover  the  gamut  from  highly 
reproducible  micro  positioning  using  electrostrictive  compositions  to  high  strain  polarization  switching  shape 
memory  ceramics  capable  of  driving  a  latching  relay  device.  Studies  of  the  destruct  mechanisms  in  practical  MLA 
systems  complement  the  earlier  materials  work  and  show  the  importance  of  internal  electrodes  and  consequent  stress 
concentrations  for  crack  initiation.  Integration  studies  have  focused  upon  more  detailed  evaluation  of  1:3, 2:2  and 
tubular  1:3  composites  and  upon  the  influence  of  the  polymer  characteristic  and  of  face  plates  and  edge  guards  upon 
sensing  and  actuation  capabilities.  In  processing,  the  interest  in  dielec trophoretic  forming  of  composites  is 
continuing  and  assembly  of  interesting  1:3  composites  is  demonstrated.  Guidelines  for  the  transducer  application  of 
electrostrictive  materials  have  been  formulated  and  a  useful  classification  scheme  proposed.  In  fiber  PZTs  techniques 
for  fabricating  thin  (30  p)  fibers  are  demonstrated,  the  first  successful  technique  for  poling  fibers  is  described  and  it  is 
shown  that  properly  poled  fibers  have  electro-elastic  characteristics  similar  to  bulk  material.  Film  papers  are  selected 
to  reflect  the  transducer  capabilities  of  lead  dtanate  and  of  phase  switching  lead  zirconate  titanate  stannate 
antiferroelectric  compositions. 
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PROCESSING  STUDIES 


APPENDIX  44 


MULTILAYER  PIEZOELECTRIC  ACTL'ATORS-- 
STRUCTURES  AND  RELIABILITY 

Shoko  Yoshikawa  and  Thomas  Shrout 

Materials  Research  Laboratory 
The  Pennsylvania  State  University 
University  Park.  PA  16802 


AfettZBSt 

Piezoelectric  and  electrosmctive  ceramic  multilayer 
actuators  (MLAs)  offer  a  combination  of  large  generative 
force,  quick  response  time,  high  volumetric  efficiency,  and 
low  cost  while  utilizing  relatively  simple  E- field  control.  A 
stack  of  ceramic  disks  is  one  form  of  multilayer  actuator 
which  provides  a  relatively  reliable  device,  while  limitations 
of  disk  thickness  restrict  driving  voltages.  Co-fired  MLAs 
fabricated  using  conventional  multilayer  ceramic  capacitor 
processing  are  essential  for  ultimate  large  scale  production 
and  low  cost.  Four  types  of  internal  electrode  configurations 
far  co-fired  MLAs  have  been  developed  in  the  coune  of  time 
in  reference  to  performance  and  reliability.  MLC  type 
electrode  configurations  offer  layer  thicknesses  less  than  25 
|xm  and  thus  driving  voltage  of  only  -  20V.  but  high  stresses 
developed  as  a  result  of  inactive  regions  may  lead  to  failure. 
Plate-through  multilayer  actuators  eliminate  internal  stress 
concentration  but  introduce  difficulties  in  controlling 
electrode  silver  migration.  Consequently,  MLC  electrode 
structures  with  situ  or  gaps  have  been  introduced  to 
overcome  the  above  problems,  though  adding  complexity  to 
the  process.  A  new  interdigital  line  electrode  configuration 
offers  Urge  displacement  through  excitation  of  gaps  between 
fine  electrode  lines,  though  reintroducing  non-uniform  field 
strength  in  a  system.  In  addition  to  the  structural 
differences,  materials  choice  is  an  important  issue  for  each 
application  and  improvement  of  reliability. 


Similar  to  multilayer  ceramic  capacitors  (MLCs), 
recent  strides  have  been  made  to  reduce  the  overall  cost  of 
MLAs.  utilizing  established  multilayer  fabrication  techniques 
and  low  cost  internal  electrodes.  Since  both  MLCs  and 
MLAs  consist  of  layered  ceramics  with  interconnected 
electrodes,  many  of  the  same  issues  determining  reliability 
must  be  addressed.  Specifically,  electrode  migration  and 
internal  stresses  are  of  greater  concern  as  a  result  of  higher 
operating  E-fields  and  displacements,  i.e.  strains,  associated 
with  actuators.  In  addition,  actuators  are  required  to 
function  under  high  loads  for  large  numbers  of  cycles, 
further  limiang  their  life. 

The  purpose  of  this  paper  is  to  review  fabrication  and 
structural  differences  of  present  day  MLAs  and  their 
interrelationship  with  performance  and  reliability. 


With  all  multilayer  actuator  structures,  the  goal  is  to 
reduce  the  reauired  (hiving  voltage  without  sacrificing 
displacement.  The  first  multilayers  were  fabricated  simply 
by  stacking  a  number  of  piezoelectric  ceramic  plates,  as 
presented  in  Figure  1.  Key  to  the  performance  of  the 
actuators  is  the  bonding  interface.  Uneven  or  excessive 
polymeric  adhesives  lead  to  reduced  response  time  and  poor 
displacement  reproducibility. 


The  realization  of  “Adaptive  Structures  with  Active 
Materials"  greatly  depends  on  the  ultimate  reliability  of  the 
integral  components.  Among  the  three  components, 
sensors,  actuators,  and  structural  matrix,  the  functionality  of 
actuators  is  foreseen  to  be  the  limiting  factor  governing  the 
life  of  the  active  structure.  Of  the  various  types  of  actuators, 
including  piezoelectric  ceramics,  magnetosmetors,  and  shape 
memory  alloys,  only  piezoelectric  actuators  offer  the 
combination  of  large  genuativ'  forces,  sub-millisecond 
response  rime,  high  volumetric  efficiency  and  low  cost  while 
utilizing  relatively  simple  E-field  control.  Multilayer 
piezoelectric  actuators  offer  additional  performance  features, 
i.e.  semiconductor  drive  voltage  capability  and  Urge 
displacements  on  the  order  of  several  tens  of  microns. 

Categorically,  there  are  two  types  of  muldUyer 
actuators,  hereafter  designated  MLAs;  (1)  stacked-disk  and 
(2)  co-fired.  Co-fired  MLAs  can  be  divided  into  four  types 
based  on  their  electrode  configuration,  each  offering  specific 
advantages,  particularly  in  toms  of  teUabiliiy.* 


Reliability  is  defined  as  the  probability  of  which  an 
actuator  will  perform  its  specified  function  under  a  set  of 
external  conditions  for  a  specified  period  of  time. 


Powder  Binder  Pellet 

Mil  Preet 


Figure  1.  Processing  flow  chart  of  a  stacked-disk 
actuator. 


Generally,  a  pre-stress  is  required  to  provide  pUte- 
to-plate  electrical  and  physical  intimacy,  insuring  maximum 
piezoelectric  strain  response.  The  application  of  a 
compressive  pre-stress  offers  the  added  advantage  of 
enhancing  mechanical  integrity  and  hence  operating  life. 
Nawrally,  the  pre-stress  level  must  lie  within  the  range  of  the 
piezoelectric’s  generative  load  line.  Representative  load- 
lines  for  commonly  used  barium  ntanttc  (BT),  lead  ztreonate 
Qtanate  (PZT)  and  lead  magnesium  niobate  family  (PMN- 
PT)  are  given  in  Figure  2.  Please  note  that  most  of 
piezoelectric  or  electrourictive  ceramics  have  a  maximum 
generauve  stress  of  approximately  35  x  106  N/m2. 
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Figure  2.  Stress  and  strain  requirements  for 
barium  titanate  (BT)  family,  lead 
magnesium  niobate-lead  titanate  (PMN) 
family  and  lead  zirconate  titanate  (PZT) 
family  of  ceramics  under  specific 
electric  field  (£).  Note:  the  slope  is 
equivalent  to  the  elastic  compliance. 


The  electrode  structure  in  stacked-disk  actuators  is 
referred  to  as  the  plate-through  type,  which  utilizes  all  the 
piezoelectric  ceramic,  generally  in  the  thickness  or 
longitudinal  direction.  The  electrode  material  is  commonly 
comprised  of  a  thin  conductive  foil,  requiring  the  ceramic 
surface  to  be  polished  and  pre-electroded  prior  to  stacking. 
Ohnishi  and  Marahashi  found  that  ulna-thin  (-10  pm)  silver 
(Ag)  foil  could  be  booded  between  the  ceramic  plates  by  the 
application  of  pressure  while  heating  at  9<X)*C  to  produce 
high  performance,  stacked-disk  actuators.!1) 

Multilayer  stacked-disk  actuators  offer  good 
performance  and  longer  life  relative  to  co-fired  ones,  owing 
to  the  nearly  defect-nee  ceramics  by  firing  each  disk  under 
optimum  conditions.  In  addition,  the  post  application  of 
electrodes  and  plate-through  design  eliminates  metallic 
diffusion  and  undesired  stress  concentration  due  to  inactive 
regions,  as  found  for  co-fired  actuators  (to  be  discussed), 
thus  reducing  mechanical  and  electrical  breakdown.  Their 
intrinsic  high  reliability  makes  them  the  candidate  of  choice 
for  actuators  used  in  applications  such  as  automobile 
suspension  control.!2)  Disadvantages  associated  with 
stacked-disk  actuators  are  their  relatively  high  costs  owing  to 
the  number  of  ceramic  finishing  ness,  difficulty  in  mass 
production,  and  limitations  in  plate  thickness,  typically  no 
less  than  0.5  mm,  thus  requiring  higher  (500  V  or  more) 
driving  voltages. 

Co- find  Multilaw  Actumtan 

A  flow  chart  for  the  fabrication  of  co-fired  multilayer 
actuators  is  presented  in  Figure  3.  Based  on  MLC 
technology,  most  of  the  steps  have  been  automated,  offering 
the  potential  of  low  cost  and  reproducibility  on  a  large  scale. 
Layer  thicknesses  for  MLCs  are  obtainable  on  the  level  of 
-10  pm,  being  several  orders  of  magnitude  less  than  that 
achievable  far  ceramic  disks. 

In  conjunction  with  automation,  great  strides  have 
been  made  to  reduce  die  firing  temperature  of  MLCs 
allowing  the  use  of  low  cost  internal  electrodes.  Fluxed  BT- 
based  dielectrics  can  be  readily  processed  at  temperatures 
below  1 100*G  The  significance  of  this  temperature  limit  is 
the  elimination  of  precious  metal  electrodes,  such  as 


Figure  3.  Processing  flow  chart  of  a  co-fired 
multilayer  actuator. 


platinum  (Pi)  or  gold  (Au),  while  permitting  the  use  of  silver 
(Ag)ipalladium  (Pd)  alloys,  e.g.  70Ag:30Pd. 

Advantages  of  Ag:Pd  alloys  are  its  raised  melting 
temperature  over  that  of  pure  silver,  while  alloying 
minimizes  silver  migration  as  well  as  undesirable  Pd 
oxidation  reactions,  all  of  which  can  lead  to  device  failure. 
In  contrast  to  BT-based  ceramics,  Pb- based  piezoelectrics 
generally  require  higher  sintering  temperatures  than  1 100‘C 
In  addition,  lead  can  be  highly  reactive,  forming  unwanted 
reactions  such  as  Pb:Pd  compound  formation,  leading  to 
changes  in  ceramic  stoichiometry.!3)  For  these  reasons,  Pt 
electrodes  are  widely  used,  resulting  in  substantial  cost  per 
actuator.  As  with  the  drive  for  lower  cost  MLCs,  significant 
advances  have  been  made  by  means  of  sintering  aids  to 
reduce  the  firing  temperature  to  below  1 100‘C,  allowing  the 
use  of  70Ag:30Pd  electrodes.  Problems  associated  with  the 
reduction  of  sintering  temperature  are  underdeveloped 
rmcrostructuies  and  excessive  grain  boundary  phases,  which 
lead  to  degraded  piezoelectric  performance.  Elimination  of 
voids  can  be  made  by  hot  isostatic  pressing  (HIP),!4)  though 
adding  high  processing  cost.  Poor  electrode-ceramic 
adhesion  u  associated  with  reduced  firing  temperatures  is 
also  a  concern.  Improvements  in  this  regard  have  been 
realized  using  small  additions  of  ceramic  particulates  within 
the  electrode  paste.!*)  Particulates  of  tire  same  composition 
to  that  of  the  ceramic  offer  strong  ceramic-ceramic  bonding 
between  layers  while  minimizing  thermal  expansion 
mismatch. 

It  is  important  to  point  out  that  only  “soft” 
piezoelectric  ceramics  (DOD  Type  II  *  IV)  actuators  have 
successfully  integrated  low-cost  AgPd  electrodes. 


Electrode  QmflitiriUma  of  MLAa 

Various  electrode  configurations  have  been  examined 
in  the  course  of  MLA  development.  Basically,  there  are  four 
types  of  electrode  configurations  currently  available  and/or 
are  under  investigation:  (l)MLC,  (2)  plan-through,  (3)  slit 
or  internal  gap,  and  (4)  line  interdigital.  The  natural 
progression  or  their  development  will  become  evident, 
particularly  in  reference  to  reliability  and  performance. 

Ill  MLC  Flit-trod,  Structure 

As  discussed  above,  the  electrode  configuration  used 
in  MLCs  was  the  original  choice  put  forth  for  MLAs.  Early 
investigations  by  Bowen  et  al.W,  used  tape  cast  PZT 
ceramics  while  incorporating  Pt  electrodes.  As  shown  in 
Figure  4(A).  each  layer  is  oppositely  polarized  (parallel 
connectivity).  Drawbacks  of  this  structure  are 
piezoeiectrically  inactive  regions  as  depicted  in  region  (a), 
which  not  only  leads  to  clamping  of  the  displacement,  but 
contributes  to  large  stress  concentration  at  around  region  (c  > 
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Figure  4.  Cross  section  view  of  various  internal 
electrode  configurations  for  co-fired 
multilayer  actuators:  (A)  MLC  type; 
(B)  Plate-through  type;  (C)  MLC  with 
slit  type;  and  (D)  MLC  with  gap  type. 


and  eventual  fracture.  For  thin  layers  (<80  pm),  however, 
the  MLC  electrode  structure  is  still  viable  since  it  allows  a 
simple  means  to  electrically  isolate  the  alwmahng  electrodes. 

The  MLC  electrode  structure  has  been  further 
improved  by  minimizing  the  inactive  area  by  utilizing  m»il 
protruding  electrodes  referred  to  as  tabs  on  the  same  or  dose 
neighbor,  as  described  in  reference  7.  This  structure  is 
considered  as  a  compromise  between  MLC  and  plate- 
through  electrode  structure  described  in  the  following 
section. 

U J _ Platt-Tkromwk  F.Itrtrodt  fltriy 

Based  on  elemental  analysis  of  MLC-type 
actuators.**)  the  obvious  solution  of  using  plate-through 
electrodes  was  confirmed,  as  presented  in  figure  4(B).  As 
shown,  this  design  eliminates  internal  stress  problems 
related  to  inactive  remans  and  E-field  concentration  at  the  tip 
of  internal  ctoctrodaMswa  (c)  of  Figure  4(A)).  However, 
the  manufacturing  iaaua  of  electrically  isolating  alternating 
electrodes  had  to  be  emhHthed  as  evident  in  Figure  4(B), 
region  (d).  NEC  Corporation  developed*9)  a  method  of 
insulation  using  glass  passivation  methods  often  used  in  IC 
technology  allowing  ultimate  commercialization  of  MLAs  for 
applications  such  as  dot  matrix  printer  heads. 


■  -  1  - - 

To  further  minimize  internal  stresses  in  the 
conventional  MLC  structure,  allowing  both  the  ease  of 
fabrication  and  thin-layer  capability,  the  slit  electrode  design 
for  multilayer  actuators  was  proposed  by  Takahashi*1**).  As 
presented  in  Figure  4(C),  internal  stresses  due  to  inactive 
regions  are  relieved  through  the  advent  of  slits  formed  via 
the  use  of  a  fugiuve  phase,  typically  carbon,  applied  during 
the  screen  prinung  process.  The  carbon  is  removed  along 
with  the  other  organic  materials,  binders,  plasticizer,  etc., 
during  the  burn-out  processing  step.  MLAs  with  ceramic 
layer  thicknesses  of  only  25  pm  have  been  reported  using 
this  method.  Similar  to  the  slit  -design,  Kanayama  et  a].<u> 
developed  an  internal  gap  structure  as  presented  in  Figure 
4(D),  providing  electrical  isolation.  Both  the  gap  and  slit 
structures  provide  performance  similar  to  plate-through 
MLAs  with  improved  reliability,  particularly  in  ambient 
environments  of  high  humidity,  as  a  result  of  the  elimination 
of  exposed  electrodes. 


<4\  iHltrditilal  Eltelrodt  Dttitn 

Fine  line  imerdigital  electrodes  have  long  been  used 
in  surface  acoustic  wave  (SAW)  transducers.*12)  More 
recently,  Hirose  et  aL*13)  investigated  piezoelectric  length- 
expansion-mode  resonators  incorporating  imerdigital 
electrodes  while  Shram  and  Yoshida  explored  their  potential 
in  a  torsional  actuator.*14)  Interdigital  electrodes  offer  ease 
of  longitudinal  excitation  of  long,  thin  piezoelectric  {dates. 

The  implementation  of  imerdigital  electrodes  in 
MLAs  arises  from  limitations  in  longitudinal  displacement 
(-15  pm)  for  the  actuators  previously  described.  This 
limitation  is  caused  by  the  impracticality  in  fabricating 
conventional  co-fired  multilayer  structures  with  greater  than 
100  layers.  A  green  ceramic  sample  with  more  than  100 
layers  tends  »  cause  dclaminations  after  firing.  Though 
sucked  MLAs  can  be  employed,  problems  in  response  time 
due  to  adhesion  and  alignment  are  difficult  to  overcome.  In 
order  to  achieve  displacements  significantly  greater  than  15 
pm,  the  transverse  configuration  is  desired,  in  which 
relatively  loog  structures  (>  5  cm)  can  be  made.  To  achieve 
expansion  in  the  transverse  direction,  interdigital  electrodes, 
II  shown  in  Figure  5,  offer  a  solution.  As 

presented,  numerous  electrode  lines  with  the  same  polarity 
are  shifted  one-half  pitch  relative  to  the  opposing  layer. 
Application  of  an  electric  field  results  in  a  longitudinal 
displacement  in  the  transverse  direction  being  proportional  eo 
the  cos6  Xt.  angle  between  staggered  electrodes,  and  the 
number  of  gaps  between  opposite  polarity  electrodes  is  the 
multiplier  of  the  displacement.  MLAs  of  mis  type  have  been 
fabricated  up  to  74  mm  in  length  with  displacements  greater 
than  50  pm.*15)  Drawbacks  of  this  structure  include 
limitations  in  line  width  and  internal-stresses  due  to  non- 
uniform  E-field  as  shown  in  a  fundamental  unit.  Figure  6. 
However,  reliability  based  on  DC  degradation  in  high 
temperature,  high  humidity  tests  showed  superior 
performance  over  the  plate-through  type  MLAs.  both 
comprised  of  the  same  soft-PZT  end  Ag-.M  electrode . 


Owing  to  the  technical  limits  in  the  applicarion  of 
glass  insulators,  the  layer  thickness  of  plate-through 
actuators  is  limited  to  approximately  100  pm.  In  addition, 
the  exposed  electrodes  have  to  be  hermetically  sealed  u  a 
result  of  electrode  breakdown  due  to  water  condensation,  as 
well  as  silver  migration.  Insulator  glass  bonding  on  the 
dissimilar  materials  may  also  lead  to  failure.  As  a  result, 
even  though  internal  stress  concentration  was  eliminated, 
new  sett  of  problems  are  introduced  which  govern  their 
reliability. 


In  addition  to  large  displacements  and  improved 
reliability,  the  interdigital  design  offers  simple  fabrication 
processing,  being  similar  to  MLC  processing,  thus  lower 
cost. 

A  rough  comparison  of  the  above  various  structured 
MLAs  are  summarized  in  Table  1. 
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Figure  5.  Schematic  diagram  of  a  interdigital  line 
electrode  actuator: 

(a)  Green  sheet  configuration 

(b)  Fired  and  elect roded  sample 

(c)  Section  view  of  (b) 


Figure  (.  Cross  section  of  fundamental  unit  of 
interdigital  line  electrode  actuator  with 
electric  force  lines. 
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Although  Table  I  provides  a  rough  comparison 
among  various  MLA  structures,  the  complexiues  involved  in 
die  fabrication  of  various  MLAs  makes  it  difficult  to 
accurately  evaluate  them  in  terms  of  reliability  and 
performance.  What  is  clear  in  the  natural  development  of 
MLAs,  however,  is  cost  per  pe*frr  -ance  being  evident  in 
the  usage  of  low-cost  70Ag:3OPu  el  nodes  and  established 
MLC  fabrication  technology.  However,  the  necessity  of 
post-HIP  processing,  and  soft-PZT-based  ceramics  as  the 
primary  materials  choice  leaves  room  for  much 
improvement  The  need  for  non-Ag,  low-cost  electrodes 
and  ceramics  with  minimal  snain-E-field  hysteresis  while 
providing  high  displacement  are  of  particular  concern. 

To  eliminate  problems  associated  with  Ag-bascd 
electrodes.  Le.  migration,  investigators  are  exploring  the 
possibility  of  base-metal  systems,  including  both  copper 
(Cu)  and  nickel  (Ni).  As  clearly  developed  for  MLCs,  the 
use  of  Cu  and  Ni  internal  electrodes  places  new  constraints 
on  the  dielectric  or  piezoelectric  in  this  case,  whereby 
processing  must  be  performed  in  a  non-oxidizing 
atmosphere.  Recently, Negate et aLOQsnd Kim et al.<17) 
hive  reported  the  development  of  PZT-based  ceramics 
capable  of  Nj  atmosphere  firing.  However,  actual  MLAs 
with  base  meal  electrodes  have  yet  to  be  evaluated. 


Table  1. 

Performance  Comparisons  for  Various  Multilayer  Actuator* 


■cmafl 

Co- fired 

m*nnm 

Plate- 

through 

wrr~m 

Max.  Displacement*) 
(jus) 

-30 

-10 

-13 

-15 

230 

Driving  Voltage 

High 

Low 

Mediian 

Low 

Low 

Cost  ^ 

High 

Low 

Moderate 

1  (ti  ularna 

Low 

Reliability6) 

High 

Poor 

Poor 

Moderate 

Modern* 

a)  Values  reported  in  literatures 

b)  Assuming  mass  production 

c)  Assuming  use  of  Ag:Pd  internal  electrode 
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As  presented  in  Figure  7,  the  PZT-based  materials 
widely  used  offer  lane  displacements  for  a  given  E  -field, 
but  yield  non-negligiole  hysteresis  during  E-field  cycling. 
Okada  ei  al.  have  demonstrated  that  hysteresis  can  be 
minimized  through  microstructural  control,  i.e.  grain  size. 
PZT  ceramics  with  grain  sizes  -  1  urn  were  shown  to 
decrease  the  hysteresis  in  half  with  little  sacrifice  in 
performance.!18^  This  improvement  in  microstructure 
should  also  lead  to  improved  mechanical  integrity.  Along 
these  lines,  novel  powder  synthesis  methods  are  being 
employed  to  produce  highly  reactive  materials.  Specifically, 
PZT  powders  prepared  by  hydrothermal  synthesis  have 
yielded  soft  and  hard  PZTs  capable  of  firing  temperatures 
iess  than  UOO'C  with  improved  performance  both 
piezoeiectncally  and  microstnicturally.!19>20> 

In  terms  of  new  materials,  the  use  of  electrostrictive 
based  materials  for  MLAs  such  as  lead  magnesium  niobate 
(PMN),  which  offers  virtually  no  hysteresis  while  providing 
strains  greater  than  0.1%,  is  particularly  attractive  for  active 
optical  systems.  Applications  for  the  use  of  PMN,  soft  and 
hard  PZT  actuators  have  been  summarized  by  Uchino.!21) 


Figure  7.  Displacement  vs.  voltage  of  typical  co¬ 
fired  MLAs  usiag  soft  PZT  ceramics. 


An  additional  group  of  ceramics  that  has  a  large 
potential  for  several  applications  is  field-forced 
amifenoelectric-to-fetioekctric  switching  material  and  shape 
memory  ceramics.  They  are  the  stantuue  addition  in  PZT 

family  and  their  modified  forms.  The  first  systematic  study 
was  in  the  1960s,  done  by  D.  Bcriincoun  et  al.!22)  The 
studies  carried  out  since  then  have  shown  their  lane  strain 
capability  (up  to  0.83%)  and  quick  switching  time  (less  than 
1  pi)!23)  in  addition  to  some  applications  of  these  types  of 
ceramics.!2*) 


Siunmm 

As  presented  sbove.  the  development  of  MLAs  has 
paralleled  that  for  MLCs.  Requirements  of  E-fields  more 
than  1  kV/mm  and  long  cycling  times  (>  108)  while  under 
high  load  conditions  have  placed  performance  limitations 
well  above  that  required  for  MLCs,  hence  the  disparity  in 
cents  vs.  dollars.  As  the  number  of  applications  continues  to 
grow  through  better  understanding  of  structure-property 
relationships,  the  cost  gap  should  close,  making  MLAs  the 
actuators  of  choice. 
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APPENDIX  45 


INTELLIGENT  PROCESSING  OF  COMPOSITE  MATERIALS 


Christopher  P.  Bowen,  Thomas  R.  Shrout,  Robert  E.  Newnham,  Cllvs  A.  Randall 

Inter  college  Materials  Research  Laboratory 
The  Pennsylvania  State  University 
University  Park.  PA .  USA  16802 

ABSTRACT 

Using  the  dielectrophoretic  effect,  it  i»  poHible  to  fabricate  polymer/ceramic  compoaite  material*  in  which  the  filler  phase  can 
be  nMnipiUnd  to  form  a  desired  microsttucture.  Thia  is  performed  via  the  application  of  an  electric  field  to  a  colloidal  suspension 
consisting  of  a  filler  material  dispersed  in  a  fluid  polymer  medium.  Field  induced  dipole-dipole  interactions  cause  particles  to 
experience  a  mutual  interaction  potential  resulting  in  distinct  particle  chains  which  align  parallel  to  the  applied  electric  field 
direction.  This  chained  microatructure  can  then  be  "frozen  in"  by  crosslinking  the  polymer  matrix.  The  chaining  phenomena  is 
on  both  the  magnitude  and  the  frequency  of  tfte  applied  field.  Optimum  assembly  conditions  for  this  process  are  determined 
via  optical  microscopy  and  electrorheological  measurements.  The  dielectrophoretic  aseembiy  process  also  has  the  advantage  of  *  in- 
si  tu"  quality  control  through  dielectric  measurements.  Both  the  degree  of  alignment  and  the  batch  uniformity  can  be  confirmed  via 
dielectric  measurements.  The  dielectrophoretic  assembly  process  is  projected  to  be  utilized  for  electrical,  structural,  and  thermal 
composite  applications. 

KEY  WORD8 :  Dielectrophoretic  assembly,  composite,  composite  processing,  intelligent  manufacturing. 


INTRODUCTION 

Many  of  today’s  adaptive  materials  are  based  on  composite  systems  (Newnham.  1969.  1966a.  1966b).  A  composite  is  a 
multiphase  material  winch  exhibits  properties  unattainable  in  any  of  the  isolated  constituent  phases.  The  properties  of  composite 
m  controlled  through  materials  selection,  volume  fraction  of  filler,  percoiaboo  behavior,  and  connectivity.  For  the  typical 
case  of  a  polymer  matrix-ceramic  filler  composite,  we  mhoduce  a  novel  assembly  leehniqne  which  allows  manipulation  of  the  ceramic 
fiUer  phase  during  the  manufacturing  process.  Tins  assembly  involves  the  induction  of  dipole-dipoie  interactions  between  the  second 
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phase  filler  particulates  under  both  alternating  and  direct  current  electric  Helds,  a  phenomena  known  as  dielectrophoresis  (Pohl. 
1978).  The  result  is  a  unidirectional  alignment  of  the  filler  material  in  the  polymer  matrix. 

The  dielec trophoredc  assembly  is  suited  to  a  variety  of  thermoset  polymers  and  filler  materials  Optimum  assembly  conditions 
have  been  determined  via  electrorheological  behavior  and  in-situ  microscopy  (Bowen  et  al.,  1993).  Dielectric  property  and  impedance 
changes  (suitable  for  quality  control  monitoring  of  the  composite  assembly  process)  are  also  projected  to  be  a  useful  means  to 
determine  the  optimum  assembly  conditions.  The  potential  of  this  processing  methodology  is  not  yet  fully  realized  Target 
applications  include  electronic,  structural,  and  thermally  conductive  composite  materials.  This  paper  will  discuss  the  background, 
theory,  and  important  parameters  of  the  dielectro phore tic  processing  technique  with  emphasis  on  electrical  composites. 

BACKGROUND 

Before  ^ginning  the  discussion  of  dielectrophoretic  processing,  it  is  useful  lo  clarify  some  basic  definitions  and  terms  that  will 
be  used  in  the  characterization  this  class  of  composite. 


Connnetlvlty 

In  composite  materials,  there  exists  a  classification  system  to  describe  the  architecture  of  the  component  phases.  This 
classification  system  is  designated  as  the  connectivity  of  the  composite  material.  Connectivity  is  a  system  that  describes  the  number 
of  dimensions  a  phase  in  a  composite  material  is  continuous  in.  Newnham  (1986b)  developed  a  self-consistent  nomenclature  to 
describe  the  connectivity  of  composite  materials.  He  showed  that  for  a  given  number  of  components  (n).  there  is  a  finite  set  of 
connectivity  patterns  given  by  the  expression: 


(n  +  3)! 
3!  n! 


(i) 


For  example,  with  a  diphasic  composite  material  (a  matrix  phase  and  a  single  filler  phase),  n  *  2.  resulting  in  a  possible  10 
connectivity  patterns  (Newnham.  Skinner  and  Cross.  1978).  The  convention  is  to  make  the  first  term  of  the  connectivity  pattern 
description  equal  to  the  number  of  dimensions  in  which  the  filler  is  continuous  while  the  second  term  refers  to  the  number  of 
dim—inn.  in  which  the  matrix  is  continuous.  For  a  0-3  connectivity,  the  Tiller  phase  is  completely  discontinuous  while  the  matrix 
phme  is  continuous  in  all  three  directions  (e.g.  a  well  dispersed  powder  in  a  polymer  matrix).  This  differs  from  a  1-3  connectivity 
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where  Ihe  filler  it  continuous  in  one  dimension  and  the  matrix  is  continuous  in  all  three  dimensions  (e  g  parallel  rods  in  a  polymer 
matrix).  By  carefully  choosing  a  process  to  give  a  desired  connectivity,  the  directional  anisotropy  and  magnitude  of  properties  in  a 
composite  can  be  precisely  eng  ..cered. 

Percolation  Theory 

Percolation  theory  it  the  means  used  to  explain  how  the  properties  of  a  composite  material  are  altered  by  changing  the  volume 
fraction  of  the  filler  phase  (Zallen,  1983).  For  simplicity  in  describing  percolation  theory,  a  metal  powder  will  be  considered  and  the 
composite  property  of  conductivity  will  be  examined.  Intuitively,  at  low  volume  fractions  of  filler,  the  conductivity  of  the  composite 
material  will  be  low,  approximately  equal  to  that  of  the  polymer  matrix.  A  schematic  of  a  low  volume  fraction  composite  material  is 
given  in  Figure  la.  As  more  and  more  metal  particles  are  added,  they  begin  to  crowd  together  and  come  in  contact  with  other 
until,  at  high  volume  fractions,  conducting  pathways  exist  through  the  polymer  matrix.  The  conducting  micros tructu re  is  shown 
schematically  in  Figure  lb.  This  results  in  a  composite  conductivity  that  is  approximately  equal  to  that  of  the  metal  filler. 


(C) 


FIGURE  1  (A)  SCHEMATIC  OF  COMPOSITE  MICROSTRUCTURE  AT  LOW  VOLUME  FRACTION  RULER  (B)  SCHEMATIC  OF 
COMPOSITE  MICROSTRUCTURE  AT  HIGH  VOLUME  FRACTION  FIXER.  (C)  SCHEMATIC  OF  THE  PERCOLATION  CURVE 
FOR  A  METAL  FIXED  POLYMER  COMPOSITE. 


The  change  in  conductivity  as  a  function  of  increasing  volume  fraction  metallic  filler  is  schematically  plotted  in  Figure  lc.  The 
volume  fraction  of  filler  at  the  inflection  point  in  the  curve  is  defined  as  the  percolation  limit  This  inflection  point  exists  at  a 
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volume  fraction  approximately  equal  to  the  tap  density  of  the  powder  (*  30  volume  %)  but  it  i«  alto  v enable  with  panicle  size,  size 
dittnbution.  morphology,  and  composite  thickness.  By  changing  the  volume  fraction  of  the  filler  matenal  in  the  composite, 
properties  can  be  altered  and  effectively  tuned  to  meet  certain  design  parameters  This  tuning  effect  is  utilized  in  applications  such  as 
piezoresistors  and  both  poeinve  and  negative  temperature  coefficient  resistors  (Newnham.  1989) 

PROCESSING  TECHNIQUES  UTILIZED  FOR  COMPOSITE  MATERIALS 
Because  the  electronics  industry  is  driven  to  obtain  increasingly  higher  volumetric  efficiencies  from  devices,  smaller  filler 
muat  be  manufactured.  Fabrication  of  functional  composites  on  a  micron-submicron  scale  makes  processing  very  difficult 
and  is  the  driving  force  in  the  search  for  more  sophisticated  processing  techniques.  This  section  is  intended  to  give  a  brief  look  at 
relevant  processes  currently  utilized  in  the  fabrication  of  electronic  composite  materials. 


Low  Connectivity  Proonsning  Technique*  (0-8  Connectivity) 

One  of  the  most  common  architectures  in  electronic  composite  materials  is  the  0-3  connectivity.  This  type  of  composite  is 
generally  used  for  piezoelectric  transducer  applications  (electrical  to  mechanical  energy  conversion  and  vice  vena)  such  as  those  used 
in  pressure  sensors.  The  0-3  composite  is  attractive  not  only  for  its  property  enhancement  advantages  (decoupling  of  the  transverse 
piezoelectric  effect  and  acoustical  impedance  matching)  but  for  its  ease  in  processing  as  well. 

Composites  of  the  0-3  type  are  usually  fabricated  through  a  high-shear  mixing  process  that  disperses  a  ceramic  or  metal  powder 
uniformly  into  an  uncured  polymer  matrix.  Typical  means  of  high  shear  mixing  range  from  an  automated,  large  scale  mixer  (such  as  a 
3- roll  mill)  to  laboratory  scale  mortar  and  pestle  mixing.  Usually.  0-3  composite  materials  are  processed  as  sheets  which  sre  easily 
produced  (Baker.  Moore  and  Retrod,  1991).  However,  these  sheets  cut  contain  large  density  gradients  and  heterogeneities  due  to 
segregation  effects  of  incomplete  mixing. 

Etoetrie  FMd  Proownning 

Electric  Fields  have  been  used  in  the  processing  of  composite  materials  mainly  for  producing  specific  orientations  of  filler 
materials  within  n  polymer  matrix.  Electric  fields  can  be  used  to  orient  polar  crystals  and  Fibers  (via  induced  dipolar  interactions),  to 
deposit  thin  coatings  (via  electrophoretic  effects),  and  to  induce  particulate  chaining  within  n  matrix  polymer  (via  the 
dieiectropbaretic  effect)  (Bowen  et  si..  1999;  Tads  at  aL.  1993;  Saifcar.  Hauag  and  Nicholson.  1992). 
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Orientation  of  fibers  and  polar  crystals  into  a  quasi  1-3  connectivity  can  be  accomplished  through  dipolar  interactions  with  an 
applied  electric  field.  When  an  electric  field  is  applied  to  a  fiber,  charge  on  the  filler  surface  will  migrate  to  the  region  nearest  the 
opposite  charged  electrode  The  fiber  will  route  and  align  its  long  axis  parallel  to  the  applied  field  direction  as  a  result  of  the 
redistribution  of  charge  This  phenomena  is  shown  schematically  in  Figure  2. 


+  + 


(A)  (B)  (Q 

FIGURE*  (A)  SCHEMATIC  SHOWING  CHARGE  DOUBLE  LAYER  IN  THE  ABSENCE  OF  AN  APPLIED  ELECTRIC  HELD  (B) 
ON  THE  APPLICATION  OF  AN  ELECTRIC  HELD,  THE  CHARGE  WLL  SEPARATE  AND  MK3RATE  TOWARDS  THE  ELECTRODE 
OF  OPPOSITE  CHARGE.  EFFECTIVELY  FORMING  A  MACROSCOPIC  DIPOLE.  (C)  AS  THE  CHARGE  IS  PULLED  BY  THE 
ELECTRODES.  IT  ACTS  TO  ROTATE  THE  FIBER  INTO  AN  ORIENTATION  WHERE  THE  CHARGES  CAN  BE  CLOSEST  TO  THE 
ELECTROOES,  I.E-  ALIGNED  PARALLEL  TO  THE  APPLIED  RB.D  DIRECTION 

The  electrophoretic  effect  involves  the  migration  of  charged  particles  in  an  electric  field.  If  a  particle  obtains  a  positive  charge 
in  a  suspension  and  an  electric  field  is  applied,  the  partide  will  migrate  toward  the  negatively  charged  electrode  In  a  colloidal 
system,  a  thin  coating  of  particles  can  be  deposited  on  the  surface  of  an  electrode  utilizing  the  electrophoretic  concept  (Sarfcar.  Haung 
and  Nicholson,  1992).  By  depositing  alternating  layers  of  particles  (alumina  and  zinc,  for  example),  laminate  composite  structures 
(2-2  connectivity)  can  be  produced.  The  variables  affecting  electrophoretic  deposition  indude  die  magnitude  of  the  applied  electric 
field,  the  surface  charge  on  the  partidee  (variable  by  altering  pH  when  using  aqueous  systems),  viscosity  of  the  suspension  medium, 
and  the  duration  of  the  applied  field  (longer  times  will  facilitate  the  deposition  of  a  greater  number  of  partides  and  hence,  thicker 
films). 

The  didectrophoretic  effect  can  be  used  to  induce  an  attractive  potential  between  partides  in  a  suspension  resulting  in  e  quasi  1-3 
connectivity.  This  effect  is  currently  being  researched  as  an  assembly  technique  for  composite  materials  and  will  be  exclusively 
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addressed  in  the  remainder  of  this  paper. 


THE  DIELECTROPHORETIC  EFFECT  AS  A  COMPOSITE  ASSEMBLY  TECHNIQUE 
While  dielectrophoresis  has  been  recognized  since  1949,  it  was  generally  utilized  as  a  separation  technique  by  mineralogists  and 
biologists  (Pohl.  1978.  Winslow,  1949).  Only  recently  has  the  dielectrophoretic  effect  been  recognized  as  a  useful  means  of 
assembling  composite  materials  (Randall  et  al„  1993)  Through  the  mutual  dielectrophoretic  effect  quasi  1-3  composites  can  be 
fabricated  such  that  the  separation  phenomena  is  suppressed,  yielding  a  composite  material  with  minimized  structural  disorder 


FIGURE  a  SCHEMATIC  SHOWING  THE  PHENOMENA  OF  DIELECTROPHORESIS  FOR  A  SINGLE  PARTICLE  IN 
SUSPENSION.  FK3URE  (A)  SHOWS  THAT  A  NEUTRAL  BOOYWLL  BE  SIMPLY  POLARIZED  IN  A  UNIFORM  ELECTRIC  ROD 
AND  NO  TRANSLATION  WIL  OCCUR  RGURE  (0)  SHOWS  THAT,  FOR  THE  NON-UNFORM  CASE,  THE  NEUTRAL  PARTICLE 
W8J.  MIGRATE  TO  THE  REGION  OF  HIGHER  RELD  CONCENTRATION.  (AFTER  POHL). 

DMootrophorotie  Effect  -  Background  Information 

When  a  single  particle  suspended  in  a  fluid  medium  is  eapoesd  to  an  electric  field,  two  phenomena  can  possibly  occur  :  (1) 
electrophoresis  and  (2)  dielectrophoresis.  Electrophoresis  was  defined  earlier  as  the  translational  motion  of  charged  matter  within  any 
electric  field  (uniform  or  non-uniform).  Dielectrophoresis  will  be  defined  as  translatiooal  motion  of  neutral  matter  caused  by  the 
induction  of  a  polarization  in  a  noo- uniform  electric  field  (Rohl.  1978).  Both  of  these  effects  are  shown  in  Figure  3.  The  major 
differences  batsmen  the  aiactrephoretic  and  dislndrophowtic  affects  are  given  ac 

1.  The  djalsctrophorstic  effect  is  not  dependent  on  die  sign  of  the  applied  electric  field  whereas  the  electrophoretic  effect  is 
dependent  on  both  dm  field  direction  sod  dm  sign  of  dm  particle  charge. 

1  The  dielectrophoretic  effect  is  propottiooal  to  dm  pattide  volume  and,  as  such,  is  more  pronounced  as  particle  size  increases. 
However,  dm  electrophoretic  effect  is  reiadvaiy  independent  of  panicle  size. 

3.  Dielectrophoresis  usually  requires  very  divergent  non-uniform  electric  fields  for  pronounced  effects  while  electrophoresis  is 
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observed  in  both  uniform  and  non-uniform  eiectnc  Helds 

A  special  case  arises  when  more  than  one  particle  is  considered  in  the  suspension.  Consider  two  particles  having  a  higher 
dielectric  constant  than  the  suspension  medium  (i  e.  a  higher  polarizability)  and  in  close  proximity  to  each  other  When  a  uniform 
eiectnc  field  is  applied  to  the  suspension,  it  is  perturbed  m  a  manner  consistent  with  that  shown  in  Figure  4a.  Hence,  a  non-uniform 
eiectnc  field  is  generated  in  the  gap  between  the  two  particles  Since  the  panicles  are  already  potanzed  by  the  field  (Figure  4b).  the 
non-uniform  perturbation  acts  to  pull  the  particles  together  A  sc  mi -quantitative  model  for  the  mutual  agglomeration  is  explained  in 
the  next  section. 

When  many  particles  are  present  in  the  suspension,  the  mutual  dielectrophoreuc  effect  acta  to  cause  particles  to  attiact  each  other 
and  »gginm»r«w  unidirectional! y  to  form  chains  parallel  to  the  applied  Held  direction.  This  is  shown  schematically  in  Figure  5  With 
this  chained  micros  true  ture.  the  composite  achieves  percolation  at  a  much  lower  volume  fraction  filler  than  the  simple  dispersion 
However,  the  percolation  of  properties  is  anisotropic,  with  property  enhancement  occurring  along  the  chained  direction 


FIGURE  4  (A)  EFFECT  ON  RELO  WWSN  TWO  PARTICLES  IN  A  MEDIUM  ARE  CLOSE  AND  THEIR  DIELECTRC  CONST ANT, 
K*.  EXCEEDS  THAT  OF  THE  MEDIUM,  K,.  (B)  EXCESS  POLARIZATION  PROOUCED  N  TWO  PARTICLES  SUBJECT  TO  AN 
EXTERNAL  B.ECTRIC  HELD  WHEN  K,  >K,.  (C)  EFFECTIVE  DIPOLES,  SHOWING  THEIR  ATTRACTIVE  NATURE  (AFTER 
POHL). 
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FIGURE  S  SCHEMATIC  SHOWING  THE  UNIDIRECTIONAL  AGGLOMERATION  PHENOMENA.  AT  ZERO  APPLIED  FIELD. 
THE  PARTICLES  STAY  IN  A  DISPERSED  STATE.  UPON  THE  APPLICATION  OF  AN  EXTERNAL  ELECTRIC  FIELD,  DIPOLE- 
DIPOLE  INTERACTION  CAUSES  PARTICLE  CHAINS  PARALLEL  TO  THE  APPLIED  FIELD  DIRECTION. 


Interaction  Potential  Theory  Of  Colloidal  Suspensions 
If  a  two  particle  suapenaion  ia  considered,  the  interaction  potential  can  be  explained  by  the  DLVO  colloidal  atability  expression 

given  as : 


a  /sa 

V(r)-2*e^yd£  liKl+exp(-rr))-~  (2) 

where  V(r)  *  Total  interaction  potential,  to  =  Permittivity  of  free  apace,  if  «  Dielectric  constant  of  the  medium,  a  *  Spherical  panicle 
nutria  t »  Zeta  pntenti«».  k  =  Debye  reciprocal  length,  r  s  Interparttde  distance  and  A  *  Hamaker  constant  (Reed.  1988). 

The  first  term  in  Equation  (2)  represents  a  repulsive  potential  due  to  the  Stem  and  Gouy-Chapman  charge  layers  surrounding  a 
particle  in  suspension  (Figure  2  schematically  shows  charge  layers  around  a  fiber  morphology).  The  second  term  is  an  attractive 
pns— t«i  based  on  van  der  Waais  forces  of  attrscrioa.  When  typical  values  for  particles  suspended  in  an  uncured  polymeric  matrix  ate 
chosen  and  input  into  Equation  (2).  a  plot  (Figure  6)  showing  the  interaction  potential  curves  can  be  generated.  Figure  6  shows  that 
there  is  a  critical  separation  distance  at  which  the  two  particles  must  ovareoew  an  energy  barrier  in  order  for  agglomeration  to  occur. 
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FIGURE  6  CALCULATED  INTERACTION  POTENTIAL  VERSUS  SEPARATION  DISTANCE  ACCORDING  TO  THE  CLASSICAL 
COLLOIDAL  STABILITY  EQUATION  FOR  SrTOj  IN  AN  UNCURED  POLYMER. 


When  the  effect*  of  an  electric  Held  applied  to  the  i  us  pension  are  considered,  a  third  term  is  introduced.  This  term  is  the 
quadripole  solution  to  the  Laplace  Equation  and  is  included  in  the  interaction  potential  Equation  to  yield  : 

V(»  -  la( U cxp(-rr)) -■£-+ ft 

12 r  r* 

0) 

whew.  fE mdfi.IzZlL 

«/  ep*2ef 

where  6  =  Orientation  angle  of  partidee,  r  *  Interparticle  distance,  0  *  Effective  polarizability,  a  *  Particle  radius.  Dielectric 
constant  of  the  suspending  fluid.  tp  *  Dielectric  constant  of  the  particles,  and  t  (Halsey,  1992).  As  can  be  seen,  the 

Laplace  term  is  dependent  on  the  square  of  the  applied  electric  Field  and  on  the  difference  between  the  dielectric  constants  of  the 
particle  and  suspending  medium.  Hence,  if  the  applied  field  is  increased  or  if  higher  permittivity  filler  material  is  utilized,  the 
attractive  potential  between  die  particles  will  increase. 

The  modified  interaction  potential  Expiation  0)  can  be  solved  and  plotted  for  differing  field  conditions  as  found  in  Figure  7.  As  an 
applied  electric  field  is  increased,  the  barrier  to  agglomeration  is  reduced  and  particles  at  larger  separation  distances  will  experience  an 
attractive  potential.  Figure  7  also  shows  diet  the  equilibrium  interparticle  spacing  varies  with  the  magnitude  of  the  electric  field. 
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Utilizing  this  calculated  dependence  of  the  particle  spacing  on  the  magnitude  of  the  applied  field,  adaptive  composite  materials  can  be 
produced  with  properties  that  will  depend  on  the  applied  processing  conditions. 


FIGURE  7.  CALCULATED  INTERACTION  POTENTIAL  VERSUS  SEPARATION  DISTANCE  ACCORDING  TO  THE  MOORED 
CLASSICAL  COLLOIDAL  STABILITY  EQUATION  FOR  SrTIOj  IN  AN  UNCURED  POLYMER  AT  VARYING  ELECTRIC  FIELD 
INTENSITIES. 

The  orientation  angle  dependence  of  Equation  (3)  shows  why.  fundamentally,  the  particles  form  distinct  chains  exclusively  along 
the  electric  field  direction.  The  orientation  angle  (6)  is  defined  as  the  angle  fanned  between  a  vector  parallel  to  the  applied  field  and  a 
vector  connecting  the  centers  of  two  particles  in  suspension  (see  Figure  8).  The  contribution  to  the  attractive  interaction  potential  is 
maximized  when  0*0*.  At  a  critical  angle  of  approximately  55*.  the  dipole-dipole  potential  switches  from  an  attractive  to  a  repulsive 
potential.  Hence,  particles  existing  at  an  orientation  greater  than  55*  (those  particles  existing  approximately  perpendicular  to  the 
applied  field)  will  experience  a  repulsive  potential.  The  result  is  the  formation  of  distinct  chains  parallel  to  the  applied  field  direction. 
Figure  9  shows  the  interaction  potential  at  varying  orientation  angles  and  it  can  be  seen  that  an  essentially  infinite  barrier  to 
agglomeration  exists  at  angles  greater  than  55*  to  keep  particles  separated  in  the  direction  perpendicular  to  the  applied  field 


Materials  laauaa  For  DlolaotrophoraUc  Assembly  Of  Composite  Materials 
When  choosing  materials  to  fabricate  composites,  one  must  consider  components  thet  best  suit  the  composite  application. 
Careful  considerations  must  be  to  control  properties  such  as  electrical  and  thermal  conductivity,  thermal  stability,  mechanical 
strength  and  stiffness,  and  piezoelectric  coefficient  Through  the  combination  of  the  chosen  filler  and  matrix  materials,  one  can 
achieve  composite  properties  which  are  unattainable  in  the  isolated  constituent  phases. 
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RGURE8  SCHEMATIC  OF  THE  ORIENTATIONAL  RB-ATIONSHIP  OF  THE  INTERACTION  POTENTIAL  UNDER  AN  APPLIED 
ELECTRIC  RELO.  AT  ANGLES  GREATER  THAN  55*.  A  REPULSIVE  POTENTIAL  EXISTS  WHICH  AIDS  IN  THE  FORMATION 
OF  THE  DISTINCT  CHAINED  MICROSTRUCTURE 


FIGURE  9.  CALCULATED  INTERACTION  POTBVT1AL  VERSUS  SEPARATION  DISTANCE  ACCORDING  TO  THE  MOOIFIED 
CLASSICAL  COLLOIDAL  STABUTY  EQUATION  FOR  SiTiO,  IN  AN  UNCURB?  POLYMER  AT  VARYING  ORIENTATIONS. 
THERE  IS  AN  0>IORMOU8  BARRER  TO  AGGLOMERATION  FOR  THE  80*  AND  90*  ORIB’JTATION  ANGLES.  TUSCAN 
ESSENTIALLY  BE  CONSIDBCD  AS  AN  INFINITE  BARRIER  TO  AGGLOMERATION  RESULTING  IN  AN  EQUKJBRIUM 
SEPARATION  OF  PARTICLES  PCRFPOCULAR  TO  THE  APPLIED  FIELD.  HENCE,  A  NUMBER  OF  PARALLB.  CHAINS 


Matrix  Materials 


There  ate  •ever*!  general  requirements  necessary  for  the  matrix  materials  in  the  dielectrophorehc  assembly  of  composites  The 
first  requirement  is  that  the  matrix  must  be  an  insulating  material  of  low  dielectric  constant  that  can  easily  transform  from  a  liquid-like 
to  a  solid  state  (croaslinked  or  vitrified).  The  liquid-like  aute  is  necessary  to  suspend  and  align  particles  while  the  solid  state  is 
required  to  “freeze  in"  the  oriented  structure  to  produce  a  useful  device.  The  matrix  must  be  insulating  in  order  to  allow  the  generation 
of  a  polarization  field  (driving  force  for  the  chaining  phenomena)  and  the  dielectric  constant  is  desired  to  be  low  so  the  attracbve 
interaction  potential  between  particles  (recall  f)  in  Equation  (3))  is  maximized.  The  second  requirement  is  that  the  polymer  matrix 
should  have  a  high  breakdown  strength  in  the  uncured  state.  This  will  reduce  the  chance  of  electric  breakdown  inhibition  of  the 
curing  process.  Thirdly,  the  viscosity  of  the  uncured  polymer  matrix  must  be  such  that  it  is  low  enough  to  allow  di electrophoretic 
migration  of  particles  into  the  chained  microstructure  but  high  enough  to  prohibit  settling  of  the  particles  due  to  gravitational  forces. 
Finally,  the  matrix  should  crosslink  rapidly  and  easily  to  allow  for  a  rapid  production  rate  and  lower  production  costs. 

The  matrix  materials  utilized  thin  far  are  shown  in  Table  1.  All  of  these  polymers  have  supported  dielec tropborehc 
assembly.  A  special  note  about  the  Norland  optical  adhesive  (a  UV  curing  polymer)  it  that  it  is  limited  to  low  volume  fractions  of 
filler  material  (*0.05)  and  small  thicknesses  due  to  scattering  conditions  accompanying  these  two  variables.  If  the  volume  fraction 
filter  it  too  high  for  the  desired  thickness,  the  UV  light  necessary  to  cure  the  polymer  will  be  scattered  at  the  surfaces  and  will  not  be 
able  to  penetrate  and  cure  the  center  of  the  composite  sample.  Hence,  the  UV  transmission  of  the  composite  must  be  accounted  for 
when  utilizing  UV  curing  polymer  matrices. 

Filter  Malar  inis 

Theoretically,  any  materia!  with  a  dielectric  constant  higher  than  that  of  the  matrix  can  be  aligned  and  chained  through  the 
dtetectrophoretic  effect  Table  1  mows  a  hat  of  insulators,  semiconductors,  and  metals  which  have  been  successfully  aligned  in  a 
thennoaet  polymer  matrix.  Randall  et  at  (1992)  i bowed  that  insulating  particles  are  easily  aligned,  provided  that  their  dielectric 
constant  is  greater  than  that  of  the  matrix  phaae  used  (i.e.  0»l  in  Equation  (3)).  Fibrous  filter  morphologies  are  also  capable  of  being 
aligned  utilizing  the  dieiectropboretic  assembly  technique.  Figure  10  shows  PZT  fibers  aligned  at  approximately  0.1  and  0.005 
volume  fractions. 
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Tab4«  1:  Matrix  Matariala  For  Diolootrophorotie  Aooombiy 


(•(lor  Randal,  MMar,  Adair  and  Bhala) 
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FIGURE  10  PHOTOGRAPH  OF  PZT  FIBERS  (30*/m  THICK,  1cm  LONG)  ALIGNED  IN  A  POLYMER  MATRIX  AT 
APPROXIMATELY  01  VOLUME  FRACTION  (TOP)  AND  0.006  VOLUME  FRACTION  (BOTTOM). 


When  conducting  fillers  are  used,  limitations  associated  with  composite  fabrication  arise.  The  fast  limitation  involves  the 
elimination  of  the  potential  drop  across  the  sample  once  the  particles  successfully  chain.  When  the  particles  chain,  the  composite 
becomes  conducting  and  the  potential  voltage  drop  (polarizing  field)  across  the  sample  is  destroyed.  The  polarizing  field  is  the 
driving  force  for  the  chaining  phenomena  and  without  it.  migration  of  particles  to  form  chains  will  not  occur.  Recent  studies  have 
revealed  that  once  the  composite  sample  becomes  conducting,  a  few  chains  will  remain  intact  and  keep  the  polarizing  field  at  mo 
while  the  rest  of  the  chains  will  relax  and  dissipate  due  to  Brownian  motion.  Hence,  a  rapid  cure  polymer  is  necessary  to  freeze  in  the 
chained  structure  before  it  can  drift  apart  Recent  progress  with  alignment  in  UV  curable  polymers  has  been  promising,  but  more  work 


The  second  limitation  of  using  conducting  filler 


is  that  the  volume  fraction  of  the  filler  materials  must  be  less  than  the 


percolation  limit  (recall  Background  section).  If  the  conducting  powder  is  present  in  large  enough  quantities  that  the  particles  touch 


a  conducting  pathway  through  the  material,  there  will  be  no 


the  polarization  field  will  never  be 


established. 


The  third  limitation  of  conducting  fillers  concerns  electrical  breakdown  of  the  uncured  polymer  (hiring  assembly.  As  panicles 


begin  to  form  chains,  the  insulating  gap  between  the  particles 


increasingly  smaller.  This  creates  an  enormous  energy 
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density  between  the  policies  and  can  result  in  sparking  or  electrical  discharge.  This  electric  breakdown  can  slow  and  even  prohibit 
the  curing  of  the  matrix. 

Ideal  Dielectrophoretic  Assembly  Conditions  For  Compos  Its  Mstsrisls 

Once  the  constituent  materials  have  been  selected,  the  focus  of  the  assembly  shifts  to  the  process  parameters.  Based  on  the 
conditions  placed  on  an  individual  system,  the  dielectrophoretically  assembled  composite  can  have  a  number  of  microstructures  The 
filler  can  exist  in  a  dispersed  state,  well-defined  chains,  poorly-defined  chains,  and  a  turbulent  flow  state  (Bowen  et  al..  1993). 

While  it  was  shown  previously  that  the  effects  of  the  applied  field  magnitude  have  a  great  effect  on  the  alignment  of  the 
paniculate  filler  material,  the  frequency  of  the  applied  field  also  has  an  enormous  impact  on  the  microstructure  of  the  final  composite 
material  (Bowen  et  al..  1993).  Figure  11  shows  a  plot  of  the  shear  stress  versus  the  square  of  the  applied  field  for  a  polyurethane 
matrix  with  SrTiOj  filler.  When  DC  voltages  are  applied,  an  initial  increase  in  the  shear  stress  is  seen,  however  it  diminishes  with 

increasing  field  intensity.  This  is  believed  to  be  caused  by  the  domination  of  the  electrophoretic  effect  at  high  electric  field  strengths. 


FIGURE  11  SHEAR  STRESS  VS.  SQUARED  APPLIED  RELD  FOR  POLYURETHANE  ♦  0.2  VOLUME  FRACTION  SiTIO,  AT  A 
SHEAR  RATE  OF  9.6  SEC  (AFTER  BOWEN,  BHALLA,  NEWNHAM,  AND  RANDALL). 

As  can  be  seen  for  both  the  AC  frequencies  in  Figure  11.  the  electrophoretic  effect  has  been  successfully  suppressed  (the  plot  has  a 
dependence  on  &  as  predicted  by  Equation  (3)).  Also,  Figure  11  deariy  shows  that  the  force  of  attraction  between  particles  is 
highly  frequency  dependent  For  this  system  at  a  given  electric  field,  there  is  a  larger  particulate  force  of  retraction  re  10  Hz  than  re 
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100  Hr  Thu  shows  that  the  composite  architecture  is  adaptive  based  on  the  given  set  of  assembly  conditions  (applied  field  intensity 
and  frequency)  Also,  an  optimum  condition  (which  differs  from  system  to  system)  exists  to  assemble  a  composite  matenal  vi*  the 
dielec tro phonetic  technique  (Bowen  et  at..  1993). 

APPLICATIONS  FOR  DIELECTROPHORETICALLY  ASSEMBLED  COMPOSITE  MATERIALS 
Composite  materials  assembled  utilizing  the  dielectrophoretic  effect  can  be  exploited  in  a  number  of  potential  applications 
These  materials  may  not  only  be  used  as  electrical  composite  materials  but  as  thermally  conducting  and  structural  composites  as  well. 
They  also  have  the  ability  to  achieve  percolation  at  low  volume  fractions  so  less  Tiller  material  is  necessary.  A  chart  showing  the 
potential  of  dielectrophorebcally  assembled  composites  is  given  in  Figure  12. 


FIGURE  12  POTENTIAL  APPLICATIONS  FOR  DIELECTROPHORETICALLY  ASSEMBLED  COMPOSITE  MATERIALS.  THE 
CIRCLE  CHART  IS  READ  FROM  THE  CENTER  RADIALLY  OUTWARDS  WITH  TITLES  LOCATED  AT  THE  TOP  OF  EACH  RING. 

Electronic  Composite  Application* 

As  electronic  composite  applications  is  our  original  projected  Held  of  use  for  dielectrophoretically  processed  composite 
materials,  many  devices  have  been  considered  as  potential  candidates  for  this  processing  technique.  The  use  of  dielectric 
measurements  is  foreseen  ss  a  type  of  quality  control  on  this  class  of  materials.  Through  the  use  of  dielectric  measurements,  the 
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degree  of  alignment  u  well  as  the  uniformity  of  the  composite  architecture  across  large  sample  areas  can  be  quantitatively  determined 

Hydrophones 

Using  the  direct  piezoelectric  effect,  piezoelectric  ceramics  based  on  Pb(Zr,Ti)C>3  can  be  utilized  as  pressure  sensors 
However,  the  performance  of  these  materials  is  limited  in  hydrostatic  applications  such  as  underwater  acoustic  sensing  devices 
(hydrophones)  due  to  transverse  piezoelectric  contributions.  The  limitations  of  the  monolithic  ceramic  sensitivity  can  be 
overcome  by  combining  the  ceramic  with  a  polymer  to  form  a  composite  material.  In  the  composite  design,  higher  sensitivity 
levels  are  obtainable  due  to  enhancements  of  the  effective  <133  coefficient  via  stress  transfer  from  the  polymer  to  the  ceramic 
(Cao.  Zhang,  and  Cross.  1992).  Also,  the  composite  device  has  an  acoustical  and  capacitive  impedance  closer  to  that  of  the 
water  medium  (due  to  the  replacement  of  most  of  the  ceramic  with  a  polymer)  so  it  will  be  more  sensitive  to  subtle  pressure 
gradients  The  most  sensitive  hydrophones  have  been  designed  with  a  1-3  connectivity  which  has  the  advantage  of  large  d33, 
easy  poling  conditions,  and  good  impedance  matching  to  the  working  environment 

Hydrophones  have  also  been  utilized  as  biomedical  transducers  which  allow  ultrasonic  imaging  of  internal  organs.  These 
biomedical  devices  require  high  frequency  operation  (a  1  MHz)  in  older  to  provide  accurate  and  distinct  images  (Smith  and  Shaulov. 
1988).  To  obtain  these  high  frequencies,  small  scale  hydrophone  composites  are  required.  The  dielectrophoretic  assembly  technique 
provides  a  means  to  fabricate  such  devices  on  a  much  smaller  scale  than  is  currently  possible. 

PTC  Thnmsatora 

When  processing  conditions  are  applied  to  cause  a  conducting  filler  to  chain  such  that  the  particles  are  touching,  a  positive 
temperature  coefficient  of  resistivity  composite  material  is  created.  This  composite  material  will  be  conductive  at  low  temperatures 
and  insulating  above  a  certain  critical  temperature.  When  the  device  is  bested,  the  thermal  expansion  mismatch  between  the  polymer 
and  the  filler  material  can  cause  die  composite  to  become  insulating  (see  Figure  13).  Since  the  polymer  matrix  will  have  a  much  larger 
coefficient  of  thermal  expansion  than  the  filler  material,  it  will,  on  heating,  expand  in  between  the  conducting  particles  and  separate 
them.  This  results  in  an  insulating  composite  at  high  temperatures.  Figure  14  shows  typical  resistivity  versus  temperature  response 
for  such  a  composite  device.  A  device  such  as  this  is  useful  in  applications  such  as  thermostats  and  temperature  sensor*. 
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Tmrnmm  CQ 

FIGURE  14.  PLOT  OF  THE  PTC  EFFECT  IN  A  COMPOSITE  THfftMBTOR  AS  COMPARE)  TO  THAT  IN  A  BaTiOj  C£RAMC 
(AFTER  NEWNMAM). 


Tunable  Cornphanos  Dnvioee 

It »  anticipated  that  a  device  can  be  fabricated  which  atom  its  elastic  compliance  as  a  function  of  the  magnitude  of  an  applied 
electric  field.  By  applying  an  electric  field  to  a  suspension  of  polariaable  particle*  in  an  insulating  fluid  medium,  the  elastic 
compliance,  and  hence,  the  mechanical  resonant  frequency  of  the  device  can  be  altered  (Newnham  and  Ruschau,  1991).  The  resonant 
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frequency  can  then  be  tuned  to  a  specific  value  by  applying  an  appropriate  voltage  to  the  system  according  to  the  following 
expression 


/* 


(4) 


where  p  =  density,  c  =  elastic  stiffness  (voltage  dependent),  and  t  =  thickness  of  the  sample.  This  device  is  shown  schematically  in 
Figure  15. 


FIGURE  IS.  SCHEMATIC  OF  THE  TUNABLE  COMPLIANCE  APPLICATION.  THE  ELECTRIC  FIELD  INDUCED  CHAINS  (RIGHT) 
WILL  GIVE  THE  DEVICE  A  DIFFERENT  ELASTIC  COMPLIANCE  THAN  THE  DISPERSED  CASE  (LEFT). 


Structural  Applications 

The  focus  of  the  dielectrophoretic  assembly  of  composite  devices  has  recently  expanded  to  differing  particle  morphologies  and  it 
has  been  shown  that  fibers  will  align  with  the  electric  field  (recall  Figure  10  where  short  fibers  of  PZT  were  aligned  and  chained). 
Hence,  it  is  now  dim  structural  composites  will  benefit  from  the  dretectnopboretic  assembly  technique.  It  is  predicted  that 

e  bulk  short  fiber  reinforced  composite  material  can  be  processed  such  that  all  the  fibers  are  aligned  in  the  same  direction.  This  would 
give  increases  in  composite  properties  over  those  atteinehle  in  e  random  chopped  fiber  system.  As  mentioned,  this  effect 

has  only  recently  been  identified  and,  as  such,  requires  further  study  before  any  conclusions  can  be  drawn. 
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Thermally  Conducting  Composite* 

Dielectrophoretic  assembly  of  composite  materials  also  has  the  potential  of  being  used  to  produce  composites  utilized  for  their 
thermal  conduction  properties.  A  composite  filled  with  a  high  thermal  conductivity  material  (such  as  SiC)  aligned  using  the 
dielectrophoretic  effect  will  exhibit  a  high  thermal  conductivity  in  the  chained  directions  while  the  thermal  conduction  in  the 
transverse  directions  will  be  minimal.  While  the  thermal  expansion  mismatch  that  is  exploited  in  the  composite  FTC  thermistor  must 
be  taken  into  consideration,  it  is  projected  that  the  working  range  of  these  devices  can  be  controlled  by  the  temperature  used  to  cure 
the  device. 

Bhattacharya  and  Chakiader  (1963)  have  shown  thermally  conductive  composites  are  possible  using  the  percolation  effect  By 
using  dielectrophoretic  processing,  the  percolation  limit  should  be  able  to  be  shifted  so  that  the  same  thermal  conducnvity  is 
possible  at  lower  volume  fractions  of  Tiller  material.  In  addition,  the  thermal  conductivity  of  the  device  will  be  anisotropic,  having  a 
higher  thermal  conductivity  in  the  chained  direction.  As  is  the  case  with  structural  composite  materials,  the  applications  of 
dielec trophorebcally  produced  thermal  composites  have  only  recently  been  realized  so  further  study  is  required  in  this  area. 

SUMMARY 

In  this  paper,  a  new  novel  processing  technique  termed  dielectrophoretic  assembly  has  been  introduced.  It  has  been  shown  to  be 
applicable  to  a  wide  range  of  matrix  and  Tiller  materials,  but  limitations  still  exist  Different  assembly  conditions  for  composite 
fabrication  were  shown  to  have  a  dramatic  effect  an  composite  architecture,  giving  the  composite  its  adaptive  nature  With  optimum 
assembly  conditions  applied,  the  composite  consists  of  a  Tiller  material  which  is  aligned  unidirectionelly  in  the  matrix  phase.  This 
type  of  microstructure  can  be  exploited  in  terms  of  its  electrical,  thermal,  and  structural  advantages.  V  is  believed  that  once  the 
science  behind  this  processing  technique  is  fully  developed,  dielectrophoretic  assembly  will  become  a  powerful  processing  tool  for 
the  fabrication  of  functional  composite  materials. 
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ABSTRACT:  Analogous  to  PZT-based  piezoelectrics  and  associated  applications,  four  families  of 
perovskite  electrostrictors  were  classified  being  based  on  their  intrinsic  polarization  change 
mechanism  and  underlying  structural  origin  (where  known).  The  four  types  include  both  normal 
and  relaxor  ferroelectrics  in  which  large  polarizations  and  electrostrictive  strains  can  be  induced 
with  an  appropriate  electric  field.  Relaxors  Type  I  and  II  exhibit  broad  and  dispersive  phase 
transitions  with  Pb(Mgi/3Nb2/3)03  and  PLZT,  as  representative  compositions,  respectively. 
Types  in  and  IV  include  pinched"  and  normal  ferroelectrics  with  anomalously  high  dielectric 
maximas  near  room  temperature  with  Ba(Ti,Sn)03  and  (Ba,Sr)Ti03  given  as  examples. 
Additional  classification  parameters,  in  terms  of  application  requirements,  include  induced 
electromechanical  coupling,  elastic  constant  tunability,  and  temperature  usage  regime. 

I.  INTRODUCTION 

Electrostrictive  ceramics  are  viable  alternatives  to  piezoelectrics  for  applications  where 
effective  and  reliable  electromechanical  actuation  is  important  The  highest  performance 
electrostrictive  materials  are  those  ferroelectrics  in  which  a  large  reversible  dielectric  polarization 
can  be  induced  with  an  appropriate  electric  field.  Applications  of  the  electrostrictive  phenomena 
continue  to  grow  as  new  families  of  ferroelectric  compositions  are  explored.  For  actuation 
purposes,  the  strong  basic  electrostrictive  coupling  can  be  used  for  precision  positioning  control  in 
adaptive  optics  and  high  strain  energy  density  sonar  transducers.  In  addition,  other  areas  include 
“smart”  materials  with  tunable  vibration/strain  sensing  and  combined  actuation  functions,  high 
frequency  medical  ultrasound,  and  nonlinear  transducers  for  fiber  optic  electric-field  sensors. 

II.  CLASSIFICATION 

The  classification  of  the  large  family  of  piezoelectric  materials  arose  from  die  standpoint  of 
application  requirements,  based  principally  on  Pb(Zr,Ti)03-PZT  (e.g.  DOD  Type  I,  n,  etc.,  or 
“hard”  and  “soft”).  The  numerous  families  of  perovskite  electrostrictors  requires  a  similar  form  of 
classification.  As  presented  in  Table  L  classification  of  the  type  of  electrostrictor  can  be  readily 
derived  from  their  intrinsic  polarization  change  mechanism  and  underlying  structural  origin  (where 
known  )U).  Four  ferroelectric  material  families  were  chosen  in  which  huge  polarizations  can  be 
induced  at  the  paraetectric-tfenoelectric  transition,  owing  to  their  inherently  high  dielectric 
constants  (K).  For  the  case  of  relaxor- type  ferroelectrics.  Type  I  and  H,  the  materials  exhibit  broad 
and  frequency-dispersive  phase  transitions.  Furthermore,  unlike  Type  III  and  IV  normal 
ferroelectrics,  relaxors  depolarize  at  a  temperature,  designated  Td,  well  below  Tm,  the  temperature 
of  maximum  dielectric  constant,  as  depicted  in  Figure  1.  The  dispersion  arises  from  the  breakdown 
of  long  range  polarization  coupling,  due  to  symmetry  breaking  defects  in  the  form  of  A-site  lattice 
vacancies  (Type  II)  and  nano-scale  B-site  order-disorder  in  Type  I  electrostrictors.^2-3)  Within  die 
thermal  regime  AT  *  Td-Tm,  large  reversible  and  non-remanent  polarizations  and  strains  are 
achievable  owing  to  micro-macro  domain  (Regime  II)  switching,  offering  a  relatively  wide 
temperature  range  of  usage  in  contrast  to  the  Type  in  and  IV  materials,  but  with  increased 
hysteresis.  See  Figure  1.  As  a  note,  the  ferroelectric  transitions  of  Type  m  and  TV  materials  can 
be  broadened  (or  ^  diffuse)  through  controlled  compositional  heterogeneity,  but  at  the  expense 
of  K,  and  thus  Rud  and  electrostrictive  strain.  [Note:  Pad  a  KE  -» x  a  K2] 


III.  ELECTROSTRICTOR  FAMILIES 

As  presented  in  Table  I,  four  material  families,  having  the  perovskite  crystal  structure 
ABO3,  were  classified  based  on  their  polarization  change  mechanism.  In  this  section,  we  will 
contrast  the  various  dielectric  and  polarization  behavior  of  the  four  types  using  representative 
examples  of  each  class,  listed  in  order  of  increasing  electrostrictive  (Q)  coefficient.  Additional 
classification,  relevant  to  application  requirements,  includes  dielectric  behavior,  E-field  induced 
polarizadon  (Pjnd).  and  strain  (xy),  electro-mechanical  coupling  (kjj)  and  interrelationships  thereof, 
and  temperature  regime  in  which  they  can  operate  effectively.  See  Table  n. 

Type  I.  Pb(B iB?)Q^-Relaxors.  The  well  known  perovskite  ferroelectric 
Pb(Mgi/3Nb2/3)03  [PMNTtypifies  the  Type  I  electrostrictor.  Representative  dielectric  and 
polarization  behavior  for  this  type  is  given  in  Figure  2a,  for  a  composition  modified  with  the 
normal  ferroelectric  PbTiC>3,  allowing  the  transition  to  be  shifted  from  Tm  ~  -10*C  to  that  near 
room  temperature.  Although  the  Type  I  relaxors  possess  electrostrictive  coefficients  nearly  an 
order  of  magnitude  smaller  than  the  Type  IV  normal  ferroelectrics,  electrostrictive  strains  >0.1% 
are  achievable  owing  to  their  inherently  high  dielectric  maxi  mas  (Regime  I)  with  even  larger  strains 
and  associated  polarization  levels  achievable  in  the  micro-macro  domain  regime. 

Further  advantages  not  readily  apparent  from  Figure  2a  include  low  dielectric  loss  (T  > 
Tm),  low  E-field  K-dependency  and  low  thermal  expansion.  In  addition,  a  wide  range  of 
compositional  modifications  are  possible  (A-  and  B-site);  however,  their  role  in  the  nano-scale 
order-disorder  and  subsequent  impact  on  the  polarization  behavior  is  not  well  understood  at 
present 

Tvpell.  e.f  Pl-TT-Rdaxors.  PLZT-type  relaxors  also  exhibit  frequency  dispersive  phase 
transitions,  although  with  significandy  lower  Km  ax’s,  but  a  wider  AT  *  Tm-Td  micro-macro 
region,  offering  a  temperature  use  range  of  >100*C  with  only  minimal  remanent  strain. 
Disadvantages  include  the  compositional  invariability  to  shift  Tm  below  room  temperature,  hence 
limiting  operation  to  Regime  n,  and  die  high  E-fieids  required  to  achieve  equivalent  Pjnd  levels  to 
Type  I  materials. 


Type  m  and  IV.  “Pinched"  and  Normal  Ferroelectrics.  The  application  requirement  of 
high  dielectric  permittivity  is  met  for  compositional  families  possessing  1st  order  ferroelectric 
phase  transitions,  typified  by  BaTiOg,  with  Km’s  on  the  order  of  10,000.  Further  enhancement  is 
readily  achievable  through  compositional  modifications  [e.g.  Bai.xSrxTi03  (Km’s  >  20,000)]  with 
increased  2nd  order  character  and  minimal  dispersion.  See  Figure  2d.  Even  higher  dielectric 
maximas  are  achievable  in  the  Type  m  “pinched”  ferroelectrics,  wherein  all  associated  BaTi03 
phase  transitions  converge  at  a  single  compositional  point,  e.g.  BaTii.xSnxC>3,x«0.13,  as 
presented  in  Figure  2c.  Despite  their  larger  Km’s,  induced  polarization  and  strain  levels  are 
significantly  lower  than  for  Type  I  and  Q  electros trictors,  with  additional  performance  limitation 
arising  from  their  narrow  dielectric  maximas.  In  contrast,  to  the  Type  IV  normal  ferroelectrics,  the 
polarization  temperature  behavior  for  the  Type  in  ceramics  did  not  show  the  expected  Tm*Td 
relation,  but  showed  a  continuous  decrease  to  e  100*C,  well  above  Tm.  This  observed 

behavior  is  believed  to  be  due  to  a  “core-shell”  structure,  in  which  the  core  is  comprised  of  nearly 
pure  BaTi03,  although  this  has  yet  to  be  confirmed.  Furthermore,  the  induced  (electrostrictive) 
strain  levels  were  virtually  temperature-independent  in  the  vicinity  of  Tm,  with  minimal  remanent 
strain  and  hysteresis,  even  well  below  Tn,  again  indicative  of  stress-induced  domain  reversal 
owing  to  a  “core-shell”  structure. 


Table  I.  Classification  of  Electrostrictive  Perovskitesd) 


Classification 

Dielectric 

Family 

'temperature 

Behavior 

Polarization-Structure  Relationship 

Type  I 

Pb(BiB2)03 

e.g.  Pb(Mgi/3Nb2/3)03 

Reiaxor 

Tm>Td 

•  Micro-polar  Domains  i/p2" *  0 

•  B-site  Nano-scale  ordering 

Type  II 

Pbi-yLay(ZrxTii.x)03 
y  >  7  x  k  0.65 

Rclaxor 

Tm  »  T<i 

•  Micro-polar  Domains  Vp2  *  0 

•  A-site  vacancy  lattice  decoupling 

Type  HI 

e.g.  Ba(Tii-xSnx)03 

x  =  0.1 

“Pinched 

Ferroelectric 

a1 

II 

5* 

•  Phase  Pinching  (R,O.T,C) 

•  B-site  heterogeneity 
(diffuse  transition) 

Type  IV 

e.g.  Ban.XT  Sr^TiCh 

Normal 

Ferroelectric 

II 

•  Paraelectric  Vp2 =  0 

•  A-site  heterogeneity  (diffuse  transitions) 

IV.  SUMMARY 

Tables  I  and  II  summarize  the  dielectric-polarization  strain  behavior  for  the  four  types  of 
electrostrictors.  As  seen  in  these  Tables,  the  largest  achievable  strains  are  not  observed  for 
materials  with  the  largest  electrostrictive  coefficients,  but  those  in  which  a  micro-macro  domain 
polarization  change  mechanism  occurs. 

Relative  to  actuator/transducer 
application  requirements,  the  four  Types  of 
electrostrictors  can  be  ranked  accordingly: 

•Large  Induced  Strain  -  Type  n  2 1  >  III  >  IV. 

•  Operating  Temp  Range  •  Type  n  >  I  >  IH  >  IV 

•  Hysteresis  Level  •  Type  I>m>IV>II  * 

•Strain  Energy  Density  •  Type  I  >  II  >  in  >  IV  I 

For  high  frequency  and  adaptive  transducer  2 
applications,  the  four  types  are  ranked  as  f 
follows:  g 

•  Induced  Piezoelectric  Coupling 

-kp  -  Type  I  >  n  >  IH = IV 
-k»  -  Typen=rv=i>in 

•  Elastic  Constant,  e.g.  C33  -  Type  IV  >  QI  >  II  >  I 

Further  classification/comparison  is  made 
difficult  due  to  electrostrictor's  inherent  non¬ 
linear  and  frequency  dependent  behavior, 
particularly  forrelaxors. 
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Figure  1.  Representation  of  dielectric, 
polarization,  and  strain-E-field  regimes  for 
electroftrictive-baaed  ferroelectric!. 
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Tibli  EL  Summary  of  Polarization-Strain  and  Related  Parameters*  for  Type  1-IV  Eicctriatrictors 


Material 

Type 

TEieetrestrictioa 

Coefficient 

(Ql2  m*/C2) 

fTerep/freq 

behavior) 

Ft*  (C/m2) 

,10  KV/cn  , 

*  20  K  V/c=  1 

,T,Traaaver»e 
Micro- atraia 
r  10KV/CB  , 

1  20  KVIcm  1 

laaahiliix'  * 

Pieie-coapiiag 

kr  *« 

Elastic 

Coastaat 

c® 

(X  10*2  3N/*2) 

Type  I 
(Relaxor) 

-  .004 

£  30,000 
(dispersive) 

-  0. 1-0.2 
*  0. 2-0.3 

-  100-300 

-  300-500 

-40%  -50* 

-  17-18 

Type  II 
(Relaxor) 

-  .007 

6,000-9,000 

(dispersive) 

-  0.1-0.15 

-  0. 2-0.3 

-  100-250 

-  300-700 

-  45*  -50* 

-  16-19 

Type  in 
“Pinched” 

-  .01 

£  35,000 
(normal) 

-  0.08-0.15 
(saturated) 

*  200 

-  20*  -  40* 

-  21-23 

Type  IV 
Normal 

*  .013 

£  20,000 
(normal) 

-  0.02-0.1 
(saturated) 

€>  0.14 

-  10-150 

-  200 

-  10*  -  40* 

-  16-20 

Qua  jammed  bmad  on  mom  mapentae  mate. 

MBUiMirtamdeltctw«ccli«nicalcoBpliag.ilsoieflecnatpewcat 
chmpe  of  E-field  usability. 


f  Tnnsvcrse  warn  potsrraoce  cicarostneooc  oocfflocau 
Note:  Qn*-3JQi2 

Dielectric  maxima  (K*)  for  relaxor,  $  1  KHz. 


Figure  2.  Dielectric  and  polarization  behavior  far  various  types  of  electros trictors;  (a) 
Type  I— 0.9Pb(Mti/3Nbj/3)O3-«.l  PbTi<>3,  (b)  Type  O— Pb«.piLao.09(Zro.65Tio.35)03, 
(c)  Type  m— Ba(Tii.x,Saz)03  *=0.13,  aad  (d)  Type  IV— Bai.*,SrzTi03  *=0J  (Note:  the 
tetragonal  to  orthorhombic  transition  9  T  --25*C. 
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FIGURE  2.  Fixture  for  fiber  permittivity  and  polarization  (a),  and  section 
view  of  electrode  configuration  (b). 


The  polarization  hysteresis  was  measured  using  a  specially-built  automated  system 
which  applies  the  excitation  field  and  collects  the  charges  while  maintaining  a  virtual- 
ground  state,  thus  assuming  control  of  the  stray  field.  To  avoid  electrical  breakdown,  the 
entire  fixture  was  immersed  in  a  fluorocarbon  fluid.  Fields  of  >  3  MV/m,  typically  of  10 
Hz  were  used. 

_ In  addition  to  chemical  and  electrical  characterization,  the  mechanical  integrity  of  the 

PZT  fibers  was  also  investigated.  The  tensile  strength  was  determined  for  selected  fibers 
at  the  Nagasaki  University  of  Japan,  using  a  technique  described  by  Iwanaga  et  al.10 
Specimens  1  to  2  mm  in  length,  diameter  range  between  26  to  36  pm,  were  glued  to 
carbon  fiber  and  the  direct  tensile  strength  was  measured  with  a  load  range  of  1  to  lOg. 


As  spun  amorphous  fibers  corrected  on  die  take-up  drum  were  continuous  and  flexible 
with  gold  color.  All  of  the  XRD  spectra  of  PZT  and  Nb-PZT  fibers  fired  at  750*C  and 
1250  C  revealed  the  presence  of  well-crystallized  perovslrite  phase.  Figure  3  presents 
SEM  micrographs  of  PZT  and  Nb-PZT  fibers  after  heat  treatments.  As  presented,  the 
diameter  of  die  fibers  were  in  die  range  of  20  to  30  pm,  showing  little  evidence  of 
porosity  rm  die  surface  of  the  fiber.  SEM  examination  of  the  cross  section  of  the  PZT 
fibers  fired  at  750*C  revealed  10  to  20%  fine  porosity  uniformly  distributed  across  the 
fibers,  except  near  die  dense  surface,  with  grain  sizes  on  die  order  of  0.2  -  0.3  pm. 
Fibers  processed  at  1250*C  possessed  dense  microstructures  with  grain  sizes  into  the 
range  of  2  to  8  pm.  A  small  amount  of  closed  porosity  (-03  pm  in  diameter),  both  in 
grains  and  at  grain  boundaries  were  evident  in  the  cross  sectional  view  of  die  fiber  after 
the  pull  test  Fracture  surface  was  intergranular.  The  fibers  with  Nb-PZT  composition 
fired  at  125CTC  showed  uniform  and  finer  grain  size,  1  to  3  pm,  and  Htde  porosity.  The 
reason  for  the  smaller  grain  size  is  due  to  the  niobium  substitution,  which  tends  to  inhibit 
grain  growth  of  PZT  in  addition  to  many  other  characteristics  governed  by  this  “A-site 
vacancy  additive**. 
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FIGURE  3.  SEM  micrograph  of: 

(a)  PZT  fired  at  750*C  for  10  min. 

(b)  PZT  fired  at  1250*C  for  10  min. 

(c)  Nb-PZT  fired  at  1250*C  for  10  min. 


FIGURE  4.  Polarization 
hysteresis  of  Nb-PZT 
fiber  (diameter  30  pm). 


Electrical  Properties 

The  dielectric  constant  values  of  the  various  fibers  processed  are  summarized  in  Table  L 
Due  to  the  small  input  signals,  dielectric  loss  values  for  the  PZT  fibers  w ere  not 
measured.  The  PZT  fibers  showed  comparable  dielectric  values  to  that  of  the  bulk 
ceramics  disk  samples  made  from  the  same  solution.  The  dielectric  constant  of  the 
samples  fired  at  75u*C  gave  lower  values  which  were  probably  due  to  the  combination  of 
porosity  and  smaller  grain  size.  Representative  room  temperature  hysteresis  polarization 
E-field  behavior  for  Nb-PZT  fired  at  1250*C  are  shown  in  Figure  4.  The  ferroelectric 
nature  of  die  single  piezoelectric  fiber  has  not  been  reported  before.  The  polarization 
hysteresis  provides  direct  evidence  that  these  fibers  can  be  polarized  to  induce  the  desired 


Pb(Zr,Ti)03  [PZT]  FIBERS-FABRICATION  AND  PROPERTIES 


SHOKO  YOSHIKAWA,  ULAGARAJ  SELVARAJ,  PAUL  MOSES, 
QIYUE  JIANG,  AND  THOMAS  SHROUT 
Materials  Research  Laboratory,  The  Pennsylvania  State  University, 
University  Park,  PA  16802 


Abstract  Fine  scale  lead  zirconate  titanate  (PZT)  and  niobium  substituted  PZT 
(Nb-PZT)  piezoelectric  fibers  were  fabricated  from  sol-gel  processed  viscous  “sol” 
using  the  “spinning"  methodology  developed  for  the  continuous  production  of 
glass  fibers.  Subsequent  drying  and  firing  at  above  750*C  gave  pure  perovskite 
PZT  and  Nb-PZT  fibers  of  30  (im  in  average  diameter.  Further  densification  and 
grain  growth  were  evident  for  fibers  fired  at  1250‘C.  Experimental  methods  for  the 
determination  of  dielectric  and  polarization  properties  were  developed  to  overcome 
inherent  electric  field  difficulty  relevant  to  fine  scale  fibers.  The  dielectric  constant 
and  polarization  hysteresis  values  of  the  fibers  were  comparable  with  that  of  bulk 
ceramics.  Preliminary  single  fiber  mechanical  pull  tests  indicated  that  the  tensile 
strength  of  30  pm  diameter  PZT  fibers  were  similar  to  that  of  bulk  ceramics,  being 
in  the  range  of  35-55  MPa. 


INTRODUCTION 

Lead  zirconate  titanate  (PZT)  piezoelectric  ceramics  *  ability  to  efficiently  convert  electrical 
energy  to  mechanical  and  vice  versa  has  made  them  attractive  for  both  actuators  and 
sensors  in  active  control  systems.1  This  reversible  transformation  ability  also  makes 
piezoceramics  viable  candidates  for  passive  vibration  damping.2  For  structural  materials 
comprised  of  various  fibers,  i.e.  glass  and  carbon,  the  incorporation  of  piezoelectric 
fibers  is,  therefore,  inherently  desired.3 

For  fibers  with  diameters  less  than  100  pm,  non-conventional  methods  have  been 
employed,  including  the  impregnation  of  host  fibers  with  a  precursor  solution4  and  hand 
drawing  from  a  viscous  sol.5"7  Single  strand  fibers  fabricated  thus  far  have  been  limited 
to  lengths  of  a  few  centimeters,  being  for  demonstration  purposes  only.  Furthermore, 
little  information  regarding  electrical  and  mechanical  properties  has  yet  to  be  reported. 

It  was  the  objective  of  this  work  to  fabricate  fine-scale  PZT  fibers  using  a 
"spinning"  methodology  developed  for  the  continuous  production  of  carbon  and/or  glass 
fibers.  A  further  objective  was  to  determine  the  electrical  and  mechanical  properties  of 
individual  fibers  prepared  above. 

EXPERIMENTAL  PROCEDURE 
PZT  Fiber  Fabrication 

The  advantages  of  sol-gel  processing  in  the  fabrication  of  ferroelectric  thin  films;  i.e., 
compositional  control,  low-temperature  densification  and  overall  simplicity  makes  it  the 
ideal  methodology  for  the  fabrication  of  fine-scale  fibers.  Detail  processing  of  PZT  sol-gel 
precursor  for  fiber  formation  was  reported  previously.3*7 
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Stoichiometric  quantities  of 
each  chemical  was  weighed  out  in 
accordance  with  the  PZT  formulations 
Pb(Zro.48Tio. 52)03  and 

Pb0.988(Ti0.48Zr0J2X).976Nb.024O3, 

as  reported  in  Jaffe,  Cook,  and 
Jaffe* 

The  precursor  solution  was 
transferred  to  a  vessel  consisting  of  a 
spinneret  and  a  plunger  as  shown 
schematically  in  Figure  1(a)9.  Fibers 
were  extruded  through  the  spinneret 
with  twelve  100  |im  diameter  holes  at 
-7  kPa  of  pressure.  The  spun-drawn 
fibers  were  collected  on  a  rotation 
drum  with  a  variable  speed  control,  as  FIGURE  1.  Fiber  spinning 

described  in  Figure  1(b).  Factors  apparatus.  Schematic  drawing 

involved  in  controlling  the  diameter  of  of  vessel  and  spinneret  (a),  and 

the  fibers  are:  (i)  viscosity  of  the  sol,  overview  of  the  apparatus  (b). 

i.e.  control  of  hydrolysis  and 
condensation  reaction,  (ii)  spinneret 
diameter,  and  (iii)  speed  of  the  take-up  drum. 

Fibers  with  diameters  ranging  from  10  to  80  pm  were  fabricated.  The  fibers  were 
dried  at  room  temperature  for  approximately  12  hours,  cut  into  lengths  of  -10  cm  and 
fired  at  temperatures  from  750'C  to  1250*C  for  10  minutes.  For  samples  fired  at 
temperatures  >1200*C,  a  lead  atmosphere  was  created  to  minimi »»  lead  loss.  The 
sintering  condition  of  750*C  for  10  minutes  was  chosen  based  on  a  previous  study7 
which  was  high  enough  to  enable  the  formation  of  die  desired  perovsldte  structure,  yet 
low  enough  to  fire  in  open  air  without  lead  loss.  This  may  be  an  important  factor  in  die 
future  when  continuous  fiber  spinning  and  subsequent  firing  are  desired.  Firing 
temperatures  at  1250*C  were  used  to  examine  {falsification  behavior  and  grain  growth, 
being  similar  to  that  used  for  conventionally  processed  PZT  eeramirs 


Characterization 

Crystallinity  and  phase  analysis  of  the  fibers  as  a  function  of  thermal  treatment  were 
determined  using  x-ray  diffraction  (XRD)  analysis.  The  microstructure,  Le.  grain 
and  degree  of  porosity,  and  diameter  of  the  fibers  were  examined  n«ing  «r*nntng  electron 
microscopy  (SEM). 

Dielectric  constant  and  polarization  of  heat  treated  individual  fibers  were  measured 
at  room  temperature  using  the  holder  described  in  Figure  2.  A  small  amount  of  air-dried 
silver  was  applied  to  both  ends  of  die  fiber  prior  to  both  measurements.  For  the 
capacitance  measurement,  1  to  2  cm  length  samples  were  used,  whereas  specimens  -3 
mm  in  length  were  prepared  for  polarization  measurement. 

Dielectric  measurements  were  made,  using  a  low  frequency  Impedance  Analyzer  at 
10  kHz  with  an  external  amplifier/divider  circuit  which  inaeaseddie  sensitivity  of  die 
meter  by  a  factor  of  100  by  increasing  die  applied  voltage  to  approximately  150  Vnn*. 
After  the  capacitance  of  the  fiber  was  measured,  the  fiber  was  removed  and  the 
capacitance  of  the  fixture  was  measured.  This  capacitance  represents  both  stray  and  the 
direct  (air  gap)  capacitance,  but  dominated  by  the  direct  capacitance,  was  then  subtracted 
from  the  previous  measurement  yielding  the  sample’s  capacitance. 
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TABLE  I.  Dielectric  Constant  of  Sol-Gel  Derived  PZT  and  Nb- 
PZT  Fibers®) 


Ceramic 

Heat  Treatment 
Temp.[*C]/Time  [min.] 

Dielectric  Constant 
(%  error) 

PZT 

750/10 

670  (15) 

1250/10 

870  (10) 

Nb-PZT 

750/10 

1250  (15) 

«< 

1250/10 

1100(15) 

a)  Fiber  :  Average  diameter  of  30  pm. 


piezoelectric  properties.  The  level  of  remanent  polarization  (Pr)  of  the  fibers  was  37 
jiC/cm2  and  coercive  field  (Er)  was  19  kV/cm2. 


Mechanical  Properties 

Preliminary  data  for  the  tensile  strength  of  PZT  fibers  fired  at  750*C  and  1250*C 
determined  using  the  pull  test  were  36  MPa  and  40  MPa,  respectively.  Tensile  strengths 
of  -55  MPa  were  found  for  Nb-PZT  fibers.  This  higher  value  may  be  attributed  to  its 
tmaiiw  anH  mnrr  uniform  grain  Finer  diameter  fibers  tended  to  give  larger  tensile 
strength  values,  though  more  data  with  different  diameter  samples  is  required  to  confirm 
this.  Tensile  strength  values  for  bulk  PZT  ceramics  reported  in  the  literature  is  on  the 
order  of  -76  MPa11,  with  modulus  of  rupture  using  3-point  flexure  is  in  die  range  of  10 
to  40  MPa12.  Therefore,  the  fiber  tensile  strength  found  for  the  fibers  in  this  work  is 
considered  to  be  in  a  similar  range  as  that  of  die  bulk  ceramic. 


CONCLUSIONS 

Amorphous  PZT  and  Nb-PZT  fibers  with  average  diameters  of  30  pm  have  been 
successfully  spun-drawn  from  sol-gel  processed  PZT  precursor  sol  using  a  continuous 
batch  spinning  apparatus.  The  fibers  showed  pure  crystalline  perovskite  structure  after 
heat  treatment  at  750*C,  and  further  densificadon  and  grain  growth  were  evident  after 
1250‘C  firing. 

Single  fiber  dielectric  constant  and  polarization  hysteresis  measurements  were 
successfully  performed  using  a  specially  built  fixture.  Dielectric  constant  values  of  the 
fibers  fired  at  750*C  were  lower  than  that  of  fibers  fired  at  1250*C  due  to  porosity  and 
reduced  grain  size.  The  dielectric  constant  of  fibers  fired  at  1250*C  were  comparable 
with  that  of  bulk  ceramic  values.  Polarization  E-field  measurements  of  Nb-PZT  fibers 
indicated  that  the  level  of  remanent  polarization  37  pG/cm2. 

Preliminary  data  for  the  tensile  strength  of  PZT  fibers  revealed  values  similar  to  that 
of  bulk  PZT,  though  Nb-PZT  fiber  values  were  higher  than  that  of  pure  PZT  fibers, 
probably  due  to  its  denser  microstructure  and  smaller,  uniform  grain  size. 
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ABSTRACT 

Electrorheological  (ER)  fluids  based  on  a  silicone  oil  matrix  with  a  high 
dielectric  constant  particulate  component,  BaTi03,  were  evaluated.  Panicle  size 
effects  were  examined  with  a  commercial  BaTi03  (0.35pm  in  size)  and  a 
hydrothermally  prepared  BaTi03  powder  with  an  average  panicle  size  of 
0.07pm.  The  commercial  powder  exhibited  an  ER  response  to  DC  fields,  but 
above  a  critical  field  strength  rheological  properties  dropped  off  drastically.  The 
relative  magnitude  of  yield  stresses,  at  field  levels  below  the  critical  field 
strength,  are  comparable  with  current  literature  values.  Hydrothermally  prepared 
BaTi03  powder  exhibited  minima!  ER  response  to  applied  DC  fields. 

Optictd  microscope  studies  of  dilute  suspensions  (-1-2  volume  percent)  were 
used  to  correlate  fibril  formation  with  ER  measurements.  Under  applied  DC 
fields,  turbulent  flow  dominated  above  6.25kV/cm  and  ER  propenies 
diminished.  Increased  frequency  led  to  an  increase  in  the  degree  of  fibril 
formation  with  a  maximum  level  occurring  around  60Hz. 

In  response  to  AC  fields,  both  types  of  BaTi03  powders  showed  a  strong 
frequency  dependence.  Maximum  shear  stress  for  a  given  field  strength  resulted 
at  about  60Hz.  Optical  microscopy  showed  an  increase  in  fibril  formation  with 
increased  AC  field  strength  (60Hz).  Turbulent  flow  did  not  appear  with 
increased  AC  field  (60Hz)  at  all  field  strengths  evaluated  (£20kV/cm).  All 
suspensions  exhibited  a  linear  relationship  between  yield  stress  and  the  square  of 
applied  electric  field,  which  is  characteristic  of  dipole-dipole  interactions. 
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1.0  INTRODUCTION 

ER  fluids  have  long  been  of  interest  to  the  automotive  industry  especially  for 
potential  applications  as  fluid  clutches  and  engine  mounts1  6.  At  present,  however, 
ER  fluids  arc  limited  by  insufficient  yield  stresses,  suspension  stability, 
reproducibility  as  a  function  of  time  and  temperature,  and  power  consumption 
considerations.  In  a  recent  theoretical  paper,  Davis  pointed  out  that  high  dielectric 
constant  particles  may  be  a  solution  to  some  of  these  limitations7.  Previous 
theoretical  models  for  ER  fluids  are  based  on  dipolc-di|>oic  electrostatic  theory  in 
which  the  attractive  force  between  adjacent  particles,  subjected  to  an  electric  field,  is 
given  by811: 

24a%0E2  KffKp-Kf)2 

F  = - (1) 

R4  (Kp+2Kf)7 

where,  a  =  equivalent  particle  radius  (m) 

r  =  particle  separation  distance  (in) 

Co  =  permittivity  of  free  space 
E  =  electric  field  (V/m) 

Kf  =  dielectric  constant  of  matrix  phase 

Kp  =  dielectric  constant  of  suspended  particulates 

lliis  model  explains  the  relationship  between  yield  stress  and  E2,  but  more  recent 
work  shows  that  the  dependence  of  yield  stress  (Ty)  on  dielectric  constant 
differences  between  the  particle  and  fluid  components  arc  not  following  equation 
(1)7.12,13 

Based  on  these  observations,  the  design  of  new  ER  fluids  with  high  dielectric 
constant  particles  warrants  further  investigation.  This  study  characterizes  fibril 
formation  and  yield  stress  behavior  of  an  ER  fluid  containing  BaTKTj  particles  in 
silicone  oil.  BaTiOj  was  chosen  for  its  high  dielectric  constant,  and  silicone  oil 
was  used  because  of  its  high  electrical  breakdown  strength.  Dynamic  yield  stress 
values  were  determined  by  extrapolation  of  shear  stress  to  zero  shear  rate  with 
constant  applied  field.  The  relative  magnitude  of  yield  stress  for  BaTi03  systems  is 
sliown  to  be  higher  Ilian  that  predicted  by  dipole-dipole  theory12. 

2.0  EXPERIMENTAL  PROCEDURES 

2. 1  Eleclrorheological  (ER)  Measurements 

The  two  BaTiOj  materials  evaluated  differed  in  preparation  technique  and  particle 
size.  One  system  is  a  coprecipitalcd,  calcined  BaTiOj  with  a  mean  particle  size  of 


♦  Grade  HPB,  TAM  Ceramics,  Niagara  Falls,  NY 
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0.35pm.  The  other  BaTi03  powder  was  produced  by  hydrothermal  synthesis 
(designated  as  BTH8)  and  possessed  a  mean  particle  size  of  700A14.  Solid 
loadings,  in  silicone  oil**,  for  the  two  systems  were  established  from  zero  Held 
limitations  of  the  viscometer.  The  useful  solid  loadings  for  the  commercial  powder 
and  BTII8  were  determined  to  be  27  and  12.5  volume  percent,  respectively. 

ER  measurements  were  performed  in  a  modified  commercial  viscoineiert  on 
suspensions  consisting  of  BaTi03  powder  and  silicone  oil  using  several  different 
loadings.  The  magnitude  and  frequency  of  the  applied  electric  field  was  controlled 
with  a  power  supply13  and  an  AC  signal  generator*.  Shear  rates  were  varied  from 
93>4.65sec~I.  DC  field  response  and  upper  field  limitations  were  measured  at 
various  loadings  for  two  different  powders.  AC  field  response  was  determined  up 
to  1 8.75k V/cm  and  frequencies  ranging  from  lOHz-lkHz  for  the  same  suspensions 
evaluated  under  DC  conditions.  An  ojieraling  frequency  of  60Hz  was  determined 
optimum  for  both  particle  sizes  examined,  and  was  used  in  all  AC  measurements. 

2.2  Optical  Microscopy  Observations 

Fibril  formation  under  applied  DC  and  AC  fields  was  observed  using  an  optical 
microscope.  Suspensions  were  diluted  to  1-2  volume  percent  solids  and  loaded  in  a 
sample  cell.  The  sample  cell  was  connected  to  the  same  power  supply  and  AC 
signal  generator  used  for  ER  measurements. 

After  loading  a  suspension  into  the  sample  cell,  a  pre-selected  field  was  applied, 
and  response  of  tire  suspension  was  observed  with  a  microscope.  The  response 
was  monitored  on  a  video  recorder  for  later  viewing.  Fibril  formation  was 
observed  under  both  DC  and  AC  fields  as  a  function  of  frequency. 

3.0  Results  and  Discussion 

3.1  ER  Measurements 

3.1.1  Zero  Field  Viscosity 

Figure  1  is  a  plot  of  shear  stress  (Pa)  as  a  function  of  shear  rate  (sec1)  for  TAM 
I  tPB/silicone  oil  suspensions  at  various  solids  loadings.  These  data  show  a  steady 
increase  in  zero  field  viscosity  with  increased  solids  loading  at  all  shear  rates.  Pure 
silicone  oil  (50mPa*sec)  and  the  10  volume  percent  TAM  liPB  suspension  display 
results  characteristic  of  Newtonian  fluids  noth 


'*  SF  96/50  Thomas  Scientific 
+  Brookfield  Engineering  Labs,  Inc.,  Stoughton,  MA 
°  TREK,  Model  620A,  Medina,  NY 

*  Racal-Dana,  High  Voltage  Sweep  Generator  -  F47,  Anaheim,  CA 

•  Zeiss  Axioskop,  Thom  wood,  NY 
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Figure  1 


Figure  2 


Shear  stress  as  a  function  of  shear  rale  fur  TAM  IIPB/silicone  oil 
suspensions. 


Shear  stress  as  a  function  of  slicar  rate  for  BTH8/siiicone  oil 
suspensions. 
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constant  viscosity  as  a  function  of  shear  talc.  In  contrast,  sus|K'nsions  with  solids 
loadings  £15  volume  percent  exhibited  Bingham  behavior  with  a  finite  yield  stress 

(ty)  and  shear  thinning  behavior. 

Figure  2  shows  viscosity  as  a  function  of  shear  stress  (Pa)  for  silicone  oil  with 
10  and  12.5  volume  percent  BTH8.  These  data  demonstrate  that  at  both  solid 
loadings,  there  is  a  large  zero  field  viscosity.  This  is  expected  because  BTH8  has  a 
much  higlier  surface  area  than  TAM  HPB  and  agglomeration  is  high  at  low  solids 
loadings.  The  curves  show  that  BTH8/siiicone  oil  suspensions  at  these  solids 
loadings  possess  Bingham  behavior.  BTI  18/silicone  oil  suspensions  up  to  12.5 
volume  percent  solids  were  examined.  AUtvc  this  loading  level,  the  zero  field 
viscosity  was  loo  high,  to  measure  theological  lielinvior. 

3. 1 .2  ER  Kcs|io!isc  with  DC  Melds 

Figure  3  shows  a  linear  relationship  between  ty  and  the  square  of  applied  DC 
field  (V/cm)  at  solids  loadings  from  10  to  25  volume  percent.  All  TAM 
HPB/silicone  oil  suspensions  demonstrated  a  well  defined  ER  effect,  but  a  limit  for 
the  applied  DC  field  was  observed  (6.25k  V/cm).  Above  this  limit  there  was  a  rapid 
decrease  in  viscosity  back  to  the  zero  field  level.  Suspensions  prepared  from  the 
hydfothermally  prepared  powder  (BT1I8)  exhibited  a  weak  ER  effect  with  applied 
DC  field,  and  the  viscosity  decreased  rapidly  at  field  strengths  above  4kV/cm.  The 
underlying  reasons  for  this  limiting  field  behavior  will  be  discussed  in  detail  with 
respect  to  the  optical  microscopy  observations. 

3.1.3  ER  Response  as  a  Function  of  Applied  Field  Frequency 

Figure  4  shows  a  typical  frequency  response  of  TAM  HPB  and  BTH8 
suspensions  in  silicone  oil  (k»2.8).  Frequencies  were  varied  from  lOHz-lkHz  to 
establish  an  optimal  frequency  for  all  solids  loadings.  Optimum  frequency  varied 
from  20-100Hz,  depending  on  the  powder  utilized  and  operating  field.  With  an 
operating  frequency  greater  than  the  optimum  frequency,  it  was  difficult  to  create 
coherent  fibrils  between  the  electrodes.  With  low  frequency  AC  fields,  results 
similar  to  applied  DC  fields  were  obtained  and  a  maximum  applied  field  strength 
observed.  From  these  data  it  was  determined  that  60Hz  should  be  used  in  all  AC 
measurements,  because  maximum  viscosity  levels  were  observed  around  this 
frequency  for  all  suspensions.  Prior  work  on  BaTiQ)  suspensions  showed 
frequency  dependent  ER  response  in  solvents  with  high  dielectric  constant  (k«12) 
and  high  conductivity12.  Apparent  yield  stress  increased  with  increasing 
frequency,  and  reached  a  maximum  above  103  Hz. 
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Figure  3  -  Yield  stress  as  a  function  of  Uie  square  of  applied  DC  field  for  TAM 
HPB/  silicone  oil  suspensions 


(a) 


<b) 


Figure  4  -  Viscosity  as  a  function  or  frequency  (Hz)  Tor  silicone  oil  suspensions 
with  (a)  10  volume  percent  TAM  HPB  and  (b)  1X5  volume  percent 
BTH8. 
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3.1.4  l£R  Response  with  Applied  AC  Field  (60  Hz) 

Yield  stress  plotted  as  a  function  of  E2  (figure  5)  reveals  the  linear  relationship 
typical  of  FJ(  fluids.  The  relative  magnitude  of  yield  stress  measured  here  is  in 
good  agreement  with  previous  work  on  BaTiOydodecane  ER  fluids  evaluated  at 
4001  lz12.  The  yield  stresses  arc  greater  than  those  predicted  by  equation  (1),  but 
less  than  the  finite  element  model  developed  by  Davis7.  Reasons  for  these 
disparities  are  not  fully  understood  at  this  time. 

3.1.5  Particle  Size  Effects 

Figure  6  shows  the  AC  response  for  BTH8/siiicone  oil  suspensions  at  two 
different  solid  loadings.  These  results  show  a  trend  similar  to  the  commercial 
powder  suspensions  of  equal  solid  loadings,  but  yield  stress  magnitudes  are  not  as 
great.  These  results  follow  dipole-dipole  theory  predictions  that  a  decreased  particle 
size  will  result  in  a  reduced  yield  stress.  This  indicates  that  nanosized  particles  are 
not  of  any  particular  advantage  for  enhancing  ER  properties  such  as  yield  stress. 
Thus,  even  though  nanosized  particles  may  be  beneficial  to  hinder  particle  settling, 
if  well  dispersed,  they  do  not  lead  to  enhanced  ER  properties  in  the  BallOysiiicone 
oil  system. 


Figure  5  -  Yield  stress  as  a  function  of  the  square  of  applied  AC  field  (60  Hz) 
for  TAM  HPB/silicone  oil  suspensions. 
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U  V  MIUXR.ct»l 


Optical  microscopy  results  correlated  flbtil  formation  and  ER  measurements  At 
liiglt  field  strengths  (>6.25kV/ein),  DC  or  low  AC  bias  (<10Hz),  turbulent  flow 
upset  fibril  formation  and  reduced  the  associated  ER  properties.  Fibrils  created 
under  an  applied  AC  field  (601  Iz)  did  not  cxjicricnec  turbulent  flow  (<20kV/cm). 
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Figure  8  -  Optical  microscope  picture  of  a  TAM  IlPB/silicone  oil  suspension 
with  a  lOkV/cm  applied  DC  Geld. 
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I.  INTRODUCTION 

Recent  advances  in  ceramic  powder  synthesis  have  led  to  a  wide  variety  of  submicron  and 
micron  sire  particulate  materials  with  controlled  stoichiometries,  morphologies  and  size 
distributions/1)  The  implementation  of  these  materials  into  electronic  composites,  e.g. 
piezoelectric  transducers/sensors,  has  been  restricted  owing  to  inadequate  or  ineffective  assemblage 
techniques.  There  is,  therefore,  an  urgent  need  to  develop  new  assembly  methods  to  engineer 
composites  with  controlled  connectivity,  dimensionality,  percolation  and  anisotropy .(2)  The  use  of 
electric  fields  and  electric  field  gradients  are  herein  proposed  to  assemble  submicron  particulates  in 
a  thermoset  polymer  matrix  for  various  electro-ceramic  composite  applications/3*4*5) 

II.  BACKGROUND 

When  an  electric  field  is  applied  to  a  colloidal  suspension,  two  major  phenomena  can 
influence  the  translational  motion  of  the  particles;  namely,  electrophoresis  and  dielectrophoresis/6) 
Electrophoresis  involves  the  translational  motion  of  charged  particles  in  a  direction  towards  the 
electrode  of  opposite  charge.  Dielectrophoresis  involves  the  translational  motion  of  polarized 
neutral  particles  under  a  non-uniform  electric  field.  The  translational  motion  under 
dielectrophoresis  is  towards  the  regions  of  highest  field  gradient  in  the  non-uniform  field.  When 
particles  are  chosen  with  a  dielectric  constant  greater  than  that  of  the  matrix  material,  local 
perturbations  to  a  uniform  electric  field  occurs  as  shown  in  Figure  1.  The  local  gradients  about 
these  particles  give  rise  lo  an  attraction  known  as  mutual  dielectrophoresis.  The  mutual 
dielectrophoretic  effect  destabilizes  the  initial  suspension  and  induces  uniaxial  coagulation  of  the 
particles  into  chain-like  structures  owing  to  the  induced  dipole-dipole  attractions  between  the  filler 
particles.  Typical  chain  structures  are  observed  in  the  optical  micrographs.  Figure  2b. 


Figure  1.  Schematic  representation  of  mutual  dielectrophoresis. 
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Figure  2a, b.  Shows  an  optical  micrograph  of  a  suspension  in  a  thermoset  polymer 
before  and  after  dielectrophoretic  assembly. 

III.  COMPOSITES  AND  CONNECTIVITY 

In  general,  composite  properties  are  strongly  dependent  on  the  component  material 
choices,  their  relative  volume  fractions  and  the  interconnection  or  connectivity  of  those  phases. 
Connectivity  describes  the  spatial  distribution  of  each  phase,  and  this  in  turn  influences  the  relative 
degree  of  series  and  parallel  mixing  of  properties  within  the  composite.  In  addition,  connectivity 
influences  the  dimensionality,  percolation  and  anisotropy  of  a  composite.  Two  important 
electroceramic  composite  connectivities  are  0-3  and  1-3  using  the  Newnham  nomenclature.^)  The 
0-3  connectivity  refers  to  a  disperse  or  self-connected  phase  in  a  three-dimensionally  continuous 
‘  matrix,  whereas  the  1-3  connectivity  refers  to  a  one-dimensionally  continuous  filler  in  a  three- 
dimensionally  continuous  matrix. 

There  exists  a  variety  of  processing  techniques  for  the  1-3  connectivity  in  composites  on 
dimensional  scales  ranging  from  100pm  to  the  macroscopic  regime;  these  include  powder  injection 
molding,  pick  and  place  and  dicing  techniques.  However,  almost  no  processing  techniques  exist 
for  composites  with  fillers  of  dimension  =  submicron  to  micron.  The  dielectrophoretic  assembly 
technique  gives  an  opportunity  to  process  1-3  composites  on  this  scale  without  having  to  resort  to 
photolithographic  methods  which  rely  on  slow  chemical  transformations.  In  contrast,  the 
dielectrophoretic  technique  rapidly  (2  1  millisecond)  assembles  the  panicles  with  electrically 
induced  polarizations. 

IV.  DIELECTROPHORETIC  ASSEMBLY  OF  COMPOSITES 

Dielectrophoretic  assembly  of  particles  requires  a  suitable  dielectric  medium  which  can  be 
solidified  under  predetermined  assembly  conditions.  These  include  thermosets,  thermoplastics, 
waxes,  gels  and  glasses.  To  date,  experimentation  has  focused  on  thermoset  polymers.  The 
general  material  requirements  are  listed  below: 

(i)  Low  dielectric  constant  (K)  and  loss  (tan5) 

(ii)  High  breakdown  strength 

(iii)  High  viscosities — suspension  stability 

(iv)  Fast  solidification,  Le.  polymerization 
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Specific  details  of  these  requirements  and  their  reladon  to  dielectrophoredc  composite  assembly  can 
be  found  in  earlier  references.^3'4*7) 

In  terms  of  filler  materials,  all  classes  of  materials  (insulator,  semiconductor,  metals) 
have  been  successfully  assembled  in  thermoset  polymers.  Limitations  of  the  nore  conductive 
fillers,  e.g.  graphite  and  aluminum,  are  that  with  these  material  types  assembly  can  only  take  place 
below  the  percolation  threshold.  When  percolation  exists,  the  conductance  of  the  composite 
inhibits  the  polarizadon  of  fillers. 

Key  issues  that  must  be  addressed  in  the  dielectrophoredc  assembly  of  composites  are  ( 1 ) 
electrophoresis  and  (2)  the  dielectric  properties  of  the  polymer.  Electrophoresis  removes  filler 
from  the  matrix  and  transports  it  onto  the  electrodes  of  opposite  charge;  it  can  also  create  chaotic 
flow  within  the  liquid.  Low  frequency  dielectric  properties  of  an  uncured  polymer  are  in  some 
cases  (e.g.  epoxies)  dominated  by  high  space  charge  polarization  mechanisms.^7*8)  The  low 
frequency  dielectric  constants  dominate  and  inhibit  the  local  polarization  of  the  filler  particles. 
These  two  inhibiting  effects  can  be  overridden  using  alternative  electric  fields;  however,  this  gives 
rise  to  an  additional  variable  to  optimize. 

The  optimum  frequency  for  1-3  assembly  can  be  determined  by  optical  microscopy  or 
through  the  strength  of  the  interparticle  attraction  as  measured  through  the  electroviscous  forces,  as 
discussed  by  Bowen  et  al.(4)  The  optimum  frequency  conditions  in  various  commercial  thermoset 
polymers  are  summarized  in  Table  I.  Once  the  optimum  frequency  has  been  established,  the  only 
other  processing  variables  are  field  strength,  panicle  size,  morphology  and  volume  fraction  for 
given  material  choices.  These  have  to  be  established  for  each  specific  application. 

Table  I.  Polymers  and  Suppliers 


Optimum  Frequency 

_ (Hz) _ 

Trade  Name  and  Supplier 

Polyurethane 

10 

Hysol-Dcxter  U50W8 

Silicone  elastomer 

10 

Sylgard-184,  Dow  Coming 

Eccogel,  Emerson-Cummings 

Eccogel  epoxy 

700 

Eccogel,  Emerson-Cummings  1365 

Epon  epoxy 

700 

EPON  865  shell 

Norland  optical  adhesive 

10 

Norland-81 

V.  APPLICATIONS 

Many  of  the  electrocenunic-polymer  composites  developed  in  the  mid-seventies  and 
eighties  in  the  U.S.A.  and  Japan  relied  on  the  concepts  of  connectivity  and  percolation.  Many  of 
these  composites,  which  included  non-linear  conductors,  thermistors,  piezoconductors, 
piezosensors,  chemical  sensors,  etc.,  can  be  revisited  using  dieiectrophoietic  processing.  This  is 
of  special  interest  to  the  electroceramic  composites  community,  owing  to  the  ever  increasing 
difficulties  associated  with  components  miniaturization. 

To  illustrate  the  advantages  of  dieiectrophoietic  composite  assembly,  nanoscale  BaTiOj 
powders  were  dispersed  in  a  thermoset  polymer  and  aligned  under  an  alternating  electric  field.  It 
was  found  that,  using  this  technique,  an  anisotropy  could  be  built  into  the  dielectric  properties  in 
the  composite  along  the  applied  field  direction.  The  relative  magnitudes  between  the  transverse 
direction  and  the  field  direction  scaled  approximately  1:10.W  This  result  indicates  that  capacitors 
for  multichip  package  applicatitins  in  polymer-based  substrates  can  be  addressed.  Also,  capacitive 
impedance  matching  in  applications  such  as  piezoelectrics  can  be  addressed  with 
dielectrophoresis.  The  ability  to  align  and  assemble  other  morphologies  such  as  Pb(Zr,Ti)03 
fibers  (-20  pm  thick  and  ~  5  mm  long)  has  been  shown  and  has  applications  for  biomedical 
ultrasonics. 
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VI.  SUMMARY 

Dielectrophoresis  has  been  established  as  a  viable  technique  for  micron/submicron  scale 
assemblage  in  electroceramic  composites.  It  has  been  shown  to  be  applicable  for  a  wide  range  of 
matrix  and  filler  materials.  Techniques  have  been  developed  to  determine  assembly  parameters, 
such  as  alternating  field  frequency,  which  differ  for  each  polymer.  The  manipulation  of  the  series 
and  parallel  mixing  through  connectivity  gives  tremendous  potential  for  composite  designs  in 
present  and  future  applications,  particularly  for  those  “scales”  difficult  to  engineer. 
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1  lie  origin  or  orientation  in  sol-gel-derived  PbTiO.,  films  is 
investigated  in  detail.  Aging  of  the  solution  is  found  to  pro¬ 
mote  ( 100)  orientation  of  the  films.  Characterizing  the  solu¬ 
tion  hy  viscometry  indicates  that  the  preferred  orientation 
might  be  attributable  to  the  change  of  molecular  size  in  the 
solution.  The  substrate  also  inllueuccs  the  film  orientation: 
more  strongly  ( I OOHiriented  film  forms  on  Pi-coaled  Si 
than  on  fused  quartz.  Highly  c-axis-oricntcd  films  with  azi¬ 
muthal  orientation  are  grown  on  a  ( f  00)  SrTiO.,  single-crys¬ 
tal  disk. 

I.  Introduction 

I7V:rr<m:i.i;c'I*ic  materials  having  the  perovskite  structure  arc 
1  of  great  interest  in  microelectronics,  finding  applications  in 
pyroelectric  and  piezoelectric  devices,  nonvolatile  memories, 
and  optical  waveguides.  These  ferroelectric  films  should  be 
carefully  prepared  to  utilize  their  remarkable  anisotropy-depen¬ 
dent  physical  characteristics.  Thin-lilm  growth  techniques  can 
be  advantageous  in  achieving  the  ordered  state  since  atomic 
ordering  can  be  manipulated  in  the  process  of  film  growth. 

Fabrication  of  ferroelectric  thin  films  has  usually  been 
accomplisltcd  by  the  sputtering  technique,  producing  oriented 
or  epitaxial  films  for  high-efficiency  devices. M’  In  the  Iasi  few 
years,  tlic  sol-gel  spin-on  technique,  with  its  advantages  of 
strict  compositional  control  and  low  fabrication  costs,  has  been 
extensively  utilized  to  produce  ferroelectric  films  mainly  for 
memory  applications.7 11  Most  of  the  work  has  focused  on 
dielectric  properties  ami  switching  pliciiomcna  of  relatively  thin 
(<500  nm)  films.  Consequently,  the  control  of  film  orientation 
in  the  sol-gel  process  has  not  been  investigated  in  detail. 11 
Moreover,  (lie  clicinistry  of  (lie  process,  such  as  the  gel  struc¬ 
ture  and  its  effect  upon  reaction  mechanisms,  is  not  yet  fully 
understood  although  some  attempts  have  been  made  to  charac¬ 
terize  the  sol  or  gel  structure.' vn 

In  the  present  work,  die  sol-gel  spin-on  technique  has  been 
utilized  to  produce  oriented  PbTiO,  films.  The  origin  of  orien¬ 
tation  in  the  film  has  been  investigated  in  detail  to  examine  the 
possibility  of  (mentation  control.  The  solution  for  film  fabrica¬ 
tion  was  characterized  using  viscometry  to  determine  the  varia¬ 
tion  in  molecular  size,  and  its  effect  on  the  film  orientation 
investigated.  Furthermore,  the  role  of  tlie  substrate  was  probed. 
Finally,  epitaxial  growth  was  attempted  on  SrTiO,  single 
crystals. 
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II.  Experimental  Procedure 

(1)  Film  Forma  lion 

In  this  work,  the  solution  for  film  fabrication  was  prepared  by 
the  conventional  sol-gel  process,  with  lead  acetate  trihydrate 
and  titanium  isopropoxide  as  precursors,  and  2-inclhnxy- 
cthanul  as  the  solvent. v"  Lead  acetate  trihydratc  was  dissolved 
in  heated  2-methoxyethanol  (70°C)  at  a  1:26  molar  ratio.  The 
solution  was  distilled  at  I25°C  lor  I  h  to  expel  the  water  of 
hydration.  Upon  cooling,  a  measured  amount  of  titanium  iso- 
propoxidc  was  added,  followed  by  refluxing  for  2  to  3  h.  The 
solution  was  then  heated  until  the  temperature  of  the  condens¬ 
ing  vapor  rcachcd  that  of  pure  2-mcthoxyethanol.  In  the  experi¬ 
ments  in  which  water  was  added,  the  molar  ratio  of  water  to 
total  metal  was  maintained  at  0.75."  Four  percent  by  volume  of 
formamide  was  added  to  the  solution:  formamide  is  known  to 
be  a  drying  control  chemical  to  prevent  cracks  in  the  film.  The 
effect  of  formamide  has  been  investigated  for  silica  gels,""'1 
and  used  in  PZT  films. 31 

Fused  quartz.  Pt-spultered  ( 100)  Si.  and  ( 100)  SrTiO,  single¬ 
crystal  disks  were  used  as  substrates.  These  substrates  were 
spin-coated  with  the  prepared  solution.  The  rotation  speed  and 
the  spin  time  were  fixed  at  2500  rpm  and  35  s,  respectively,  to 
ensure  that  the  film  thickness  was  uniform  in  the  substrate  and 
hud  been  saturated  during  the  coating  process.  Each  spin-on 
layer  was  30  mn  thick.  The  samples  were  healed  at  400nC  for  15 
min  for  the  intermediate  pyrolysis  step.  Filins  of  IKO-nm  thick¬ 
ness  were  obtained  by  repealing  the  spin-coating  and  pyrolysis 
steps  6  limes.  The  films  were  then  annealed  in  air  for  crystalli¬ 
zation  into  the  perovskite  phase. 

(2)  Characterization  of  the  Solution  by  Viscometry 

The  degree  of  polymerization  in  solution  was  postulated  to 
be  the  main  determinant  of  orientation  characteristics  of  the 
films.  To  test  this,  the  molecular  weight,  M ,  was  estimated  by 
viscometry  through  the  Mark-Houwink  relation 

M  = 

where  [q]  is  intrinsic  viscosity  and  k  and  a  are  characteristic 
constants.  As  these  constants  have  not  been  determined  for  the 
PbTiO,  sol-gel  process,  the  relative  change  was  compared 
between  the  solutions  which  bring  the  difference  in  orientation 
of  the  films. 

intrinsic  viscosity  [q]  was  determined  from  the  dynamic  vis¬ 
cosity  at  different  concentrations  based  on  the  following 
definition: 

[q]  =  lim  (q  -  q,,)/q„c 

r  *0 

where  q  and  q,,  are  the  dynamic  viscosities  of  tlie  solution  and 
pure  solvent,  respectively,  and  c  is  the  concentration  of  the 
solution.  The  dynamic  viscosity  was  measured  at  33°C  with  an 
Ubbeiohde  dilution  viscometer. 
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(.1)  C  'haracterization  of  the  Crystalline  and  Dielectric 
Properties 

Iur'Ii  film's  crystalline  phase  was  dclci  mined  by  X - ray  dif¬ 
fraction.  (  lie  in-plane  oriental  ion  was characterized  by  KilLLI) 
(reflection  high-energy  electron  diffraction)  The  surface  mor¬ 
phology  and  microslrucUiie  of  the  films  were  ohscived  by  scan¬ 
ning  electron  microscopy. 

Dielectric  measurements  were  made  with  (lie  aid  of  an 
impedance  analyser  using  Pt  as  the  lop  electrode. 

III.  Results  and  Discussion 

(1)  Optimization  of  the  A  lineal inp  ( 'auditions 

Annealing  conditions  of  the  I’b'liO,  films  were  optimized  on 

Pt-coaletl  Si  substrate.  X-ray  diffraction  data  showed  dial  the 
films  annealed  under  a  wide  range  ol  conditions  (450"  to  7(XfC 
fitr  0.5  to  X  10  were  all  single-phase  I’hTiO,.  However,  based  on 
the  crystallinity,  dielectric  properties,  and  surface  smoothness, 
the  optimum  annealing  conditions  were  determined  to  be  at 
SOOT’  lin  X  It  orfrOtlT  lor  2  li.  Under  these  conditions.  Pb  l'iO, 
films  with  a  dielectric  constant  of  200  and  dissipation  factor  of 
0.02  wete  obtained. 

(2)  Aging  Effect  of  the  Solution  on  llw  Orientation  of  Hints 

Through  the  optimization  of  annealing  conditions,  it  was 

found  that  the  age  of  the  solution  strongly  affected  the  orienta¬ 
tion  of  films.  X-ray  dif  fraction  patterns  of  films  made  from  aged 
solution  (7  months)  are  dominated  by  ( 100)  and  (200)  |icaks. 
except  for  small  peaks  of  ( 1 10)  and  (211).  showing  remarkable 
(100)  orientation.  On  the  other  hand,  films  made  from  fresh 
solution  (2  weeks  old)  have  weak  ( 100)  preferred  orientation. 

I  sir  comparison,  the  degree  of  orientation,  a  =  /„„/(/„„  +  /„„) 
was  calculated.  For  the  film  made  from  aged  solution,  a  was 
0.88,  and  a  was  0.56  lor  tlic  film  made  from  fresh  solution.  The 
dependence  of  orientation  on  (he  age  of  the  solution  is  plotted  in 
Fig.  I .  which  shows  that  the  film  fabricated  from  aged  solution 
exhibited  stronger  orientation. 

The  difference  in  orientation  depending  on  the  nature  of 
additives  is  evident  from  the  figure.  The  films  made  from  the 
solutions  containing  small  amounts  of  formamide  showed  lower 
orientation  than  those  made  from  tfic  solutions  containing 
water.  To  examine  the  effect  of  formamide  and  water  on  the  ori¬ 
entation  of  films,  lilms  were  fabricated  with  four  kinds  of  solu¬ 
tion.  As  the  results  of  'fable  I  show,  the  addition  of  small 
amounts  of  formamide  was  found  to  suppress  the  (100)  orienta¬ 
tion  of  the  films. 

In  order  to  explain  the  aging  effect,  the  solution  was  modeled 
as  in  Fig.  2.  When  the  solution  is  new,  the  molecules  in  the 
solution  are  small.  As  the  solution  gets  older,  the  molecules  in 


Fig.  I.  Degree  of  orientation  a  =  /,„/(/ m.  +  /„„)  vs  age  of  solution. 
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the  solution  polymerize.  It  the  polymers  make  a  chainlike  or 
slablikc  structure,  they  might  be  ordered  by  spinning  as  show  n 
in  lag  2.  Although  the  structure  of  the  molecules  has  not  yet 
l>een  deici  mined  precisely,  there  have  been  some  reports  which 
show  the  chainlike  structure  of  PbTiO,  precursors  in  the  early 
stage  of  |X)lymeri/ation. r  This  model  might  he  applicable 
when  the  degree  of  )H>lymerizution  is  low.  and  the  three-dimen¬ 
sional  linkage  has  not  been  completed.  To  confirm  Ibis,  the 
change  in  molecular  size  was  determined  by  viscomelry. 

(.))  Viscometric  Measurement  of  the  Solution 

The  intrinsic  viscosity  was  determined  for  solutions  aged  lor 
different  periods:  three  solutions  with  water  (2  weeks,  3 
months,  and  *)  months  old),  and  three  solutions  with  formamide 
(2  weeks.  3  months,  and  8  months  old).  The  change  in  solution 
viscosity  with  lime  is  shown  in  Fig.  .3;  the  viscosity  number  of 
the  solution  containing  formamide  is  plotted  relative  to  that 
containing  wafer,  assuming  that  the  viscosities  arc  equal  at  the 
beginning  since  the  absolute  viscosity  could  not  be  obtained 
because  of  flic  high  viscosity  of  formamide.  As  shown  in  the 
figure,  the  viscosity  increases  wilh  lime.  Tire  change  of  viscos¬ 
ity  is  much  greater  lor  the  solution  containing  water,  showing 
the  rapid  polymerization  in  the  solution.  These  data  agree  with 
the  tendency  of  the  orientation  changes  with  time  shown  in  Fig. 
I .  Therefore,  it  was  concluded  that  the  change  in  molecular  size 
plausibly  explains  the  orientation  in  the  lilms. 

(4)  Substrate  Dependence  of  Orientation 

A  strong  relation  between  the  film  orientation  and  the  viscos¬ 
ity  of  the  solution  has  been  established.  However,  it  is  not  cer¬ 
tain  whether  the  preferred  orientation  is  due  only  to  the  solution 
characteristics  or  whether  it  also  depends  on  the  substrate.  It 
may  Ik-  stated  that  this  preferred  (l(XI)  orientation  is  advanta¬ 
geous  lor  growing  c-axis-oricnlcd  or  epitaxial  films.  Both  to 
explore  the  effect  of  the  substrate  and  to  attempt  epitaxial 
growth,  films  were  grown  on  fused  quartz,  Pt-coated  Si,  and 
( 100)  SrTiO.,  disks. 
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Fig.  2.  Model  of  polymerization  in  solution. 
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Fig.  3.  Change  or  viscosity  with  time. 


First,  the  nticrostruclures  of  well-oriented  and  slightly  ori¬ 
ented  films  on  Pi-coated  Si  were  compared.  The  cross  section 
of  the  flints  was  observed  by  high-resolution  SEM.  The  SEM 
micrograph  of  the  well-oriented  film  is  shown  in  Fig.  4.  Con¬ 
trary  to  expectations,  (lie  film  did  not  consist  of  the  pillarlike 
grains  usually  observed  in  strongly  oriented  films.  The  grain 
structure  observed  suggested  that  nucleation  occurred  through¬ 
out  the  film.  There  was  also  no  big  difference  in  film  texture 
between  the  well-oriented  and  slightly  oriented  films.  These 
facts  sup|K>rt  the  idea  that  tlie  difference  in  the  orientation  may 
be  attributed  to  (lie  solution  characteristics. 

Next,  the  orientations  in  films  on  Pt/Si  and  on  fused  quartz 
were  compared.  The  X-ray  diffraction  patterns  of  these  films 
are  shown  in  Fig.  5.  The  film  formed  on  Pt/Si  was  better  crys¬ 
tallized  and  had  much  higher  orientation  than  the  film  on  fused 
quartz.  No  interaction  layer  was  observed  near  the  interface 
between  fused  quartz  and  PbTiO,  in  tlic  SEM  micrograph,  indi¬ 
cating  that  tlie  observed  decrease  in  orientation  was  due  to  the 
crystalline  properties  of  the  substrates.  The  atomic  network  of 
the  highly  (III  )-oricnted  Pt  underlayer  might  enhance  crys¬ 
tallinity  and  (100)  orientation.  However,  tlie  film  on  the  amor¬ 
phous  fused  quartz  substrate  also  had  the  preferred  (100) 
orientation  (degree  of  orientation  a  =  0.52;  cf.  a  =  0.3  for 


Hr.  4.  SEM  micrograph,  cross  section  of  PbTiO,  film  on  Pl-coated 
Si. 


Fig.  5.  X-ray  dilfratlion  pallcms  of  PbTiO,  film  fabricated  on  (A) 
Pt -coated  Si  and  (B)  fused  quartz. 


ceramics).  This  also  agrees  with  the  expected  effects  of  the 
solution  characteristics. 

Although  tlie  orientation  mechanism  and  the  effect  of  the  Pt- 
coated  Si  substrate  are  not  fully  understood,  it  is  evident  that 
the  n-  or  {'-axis-oriented  PbTiO,  films  may  be  easily  formed 
when  an  aged  solution  is  used.  PbTiO,  film  was  fabricated  on 
(100)  SrTiO,  single-crystal  disks.  In  this  case,  the  film  was 
annealed  at  700°C  for  4  h  for  epitaxial  growth.  The  X-ray  dif¬ 
fraction  pattern  shows  only  (00/)  [/  =  1.2,  3)  peaks  from  the 
PbTiO,  film  (degree  of  orientation  a’  =  /„„/(/, „„  +  /,„,)  =  I), 
indicating  the  strong  r-axis  orientation  of  the  film.  Tire  diffrac¬ 
tion  intensity  is  30  limes  stronger  than  that  for  tlie  film  on  Pt/Si. 

To  investigate  the  growth  mode,  tlie  RHEED  pattern  was 
obtained  for  this  film.  Figure  6  shows  the  RHEED  pattern  of 
PbTiO,  film  on  SrTiO,  with  the  electron  beam  incident  from  the 
[  100]  direction.  Tlie  pattern  is  the  reciprocal  lattice  of  the  (001) 
plane:  the  film  has  an  azimuthal  orientation.  However,  the  arc- 
shaped  spots  show  a  moderate  degree  of  orientation  near  the 
film  surface. 

The  results  presented  above  show  the  sol-gel  process  to  be 
feasible  lor  the  fabrication  of  oriented  or  epitaxial  films  when 
the  film  thickness  is  small.  For  some  applications,  however, 
thicker  films  are  required.  Fabrication  of  thicker  films  and  the 
orientation  effects  as  a  function  of  film  thickness  must  be  stud¬ 
ied  in  the  future. 


Fig.  6.  RHEED  pattern  of  PbTiO,  film  on  ( 100)  SrTiO,  disk. 


IV.  Conclusion 


Tlic  origin  of  orientation  in  sol-gel-Ucrived  I’bTiO,  films  was 
investigated.  Strongly  ( l(K))-oricntetl  film  was  produced  when 
aged  solution  was  spun  on  a  1’1/Si  substrate.  The  solution  was 
characterized  by  viscoinclry  to  estimate  the  change  of  molecu¬ 
lar  size  in  solution  Polymerization  plausibly  promoted  the 
(100)  orientation  of  the  hints.  The  film  orientation  also  varied 
with  the  substrate.  More  strongly  ( I00)-orien(ed  film  loaned  on 
Pt-coatcd  Si  than  on  fused  quartz.  On  the  SrTiO,  single-crystal 
( 100)  disk,  strongly  <  -axis-oriented  films  with  azimuthal  orien¬ 
tation  could  lie  grown. 
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Electric  field  forced  phase  switching  in  La-modified  lead  zirconate  titanate 
stannate  thin  films 
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Electric  field  forced  antiferroelectric  to  ferroelectric  phase  switching  has  been  demonstrated  in 
thin  films  of  Pb0  97La002(Zr,Ti,Sn)O3  perovskites  for  the  first  time.  Several  compositions  in  the 
tetragonal  antiferroelectric  phase  field  of  this  system  were  prepared  in  thin  film  form  by  a  sol-gel 
technique.  Forward  and  reverse  switching  threshold  fields  of  27-103  kV/cm  and  18-62  kV/cm, 
respectively,  were  determined  from  polarization-electric  field  hysteresis  and  incremental 
capacitance  data.  Switching  times  as  fast  as  300  ns  were  recorded  for  one  of  the  antiferroelectric 
compositions.  An  electric  field  induced  longitudinal  strain  of  0.16%  was  measured  for  a  film  of 
composition  (Pbo97La0.o2)(Zr0i0Ti0  igSno  jolO]  using  a  laser  ultradilatometer.  These  films  are 
candidate  materials  for  high  charge  storage  integrated  capacitors  and  microelectromechanical 
devices  requiring  large  nonlinear  strain  response. 


I.  INTRODUCTION 

Research  in  the  area  of  ferroelectric  thin  films  is  being 
driven  by  the  market  potential  of  nonvolatile  memory 
devices.1'3  Due  to  the  piezoelectric  and  pyroelectric  prop¬ 
erties  of  these  thin  films,  applications  are  also  emerging  in 
the  field  of  microelectromechanical  systems  (MEMS).4-6 
Ultrasonic  micromotors  utilizing  lead  zirconate  titanate 
(PZT)  thin  films7'*  and  pyroelectric  sensors  using  micro- 
machined  PbTiOj  (PT)9  have  been  fabricated.  Thin  film 
materials  capable  of  large  strains  are  being  sought  for  a 
range  of  MEMS  applications  including  micromotors,  mi¬ 
crovalves,  and  micropumps.  Such  devices  will  be  utilized  in 
compact  medical,  automotive,  and  space  systems.  Candi¬ 
date  materials  include  tetragonal  antiferroelectric  perovs¬ 
kites  in  the  Pb097Laa02(Zr,Ti,Sn)Oj  (PLZTSn)  and 
Pb^ ( Zr,Ti,Sn, lo^NbanjOj  (PZTSnN)  systems. 

Tetragonal  antiferroelectric  (AFE)  PLZTSn  and 
PZTSnN  ceramics  of  compositional  proximity  to  the  mor- 
pho tropic  phase  boundary  with  the  rhombohedral  ferro¬ 
electric  phase  can  be  phase  switched  by  application  of  an 
electric  field  from  the  AFE  to  FE  states.  The  small  free 
energy  difference  between  the  two  phases  make  such 
switching  possible.10  The  large  volume  difference  between 
the  AFE  and  FE  phases  dictates  that  large  strains  accom¬ 
pany  such  field  induced  phase  switching.11  Irreversible  or 
field  assisted  switching  (shape  memory  effect)  occurs  when 
the  AFE  composition  is  sufficiently  close  to  the  AFE-FE 
phase  boundary  that  the  electric  field  induced  FE  phase  is 
melastable,  with  the  free  energy  difference  being  less  than 
the  reverse  switching  threshold  field  energy.12  The  AFE 
phase  can  be  recovered  by  thermal  annealing  or  application 
of  a  reverse  bias  field. 13  Reversible  or  field  forced  switching 
occurs  in  compositions  outside  the  region  of  metastability. 

PLZTSn  and  PZTSnN  ceramics  have  been  investigated 
for  several  applications  over  the  past  40  years  including 
energy  storage,14  high  strain  actuators, 10,li’15, 16  and  shape 
memory  devices.17  Recent  papers  have  focused  on  the  ther¬ 
modynamics  of  phase  switching,12,15  and  transmission  elec¬ 
tron  microscopy  investigations  of  domain  structures.1*’19 


Utilization  of  these  ceramics  has  been  limited  due  to  high 
switching  fields,  being  of  the  order  of  the  electrical  break¬ 
down  strength.14  Degradation  of  the  ceramics  under  an  ac 
field  excitation,  with  average  life  cycles  of  ss  107,  was  re¬ 
ported  by  Pan  et  aL 16 

Synthesis  of  thin  films  in  the  PLZTSn  system  was  mo¬ 
tivated  by  the  large  strain  values  reported  for  the  bulk 
ceramic  materials.  The  largest  longitudinal  strain  reported 
to  date  is  0.87%  for  a  bulk  ceramic  of  composition 
(Pho-^La^oj) (Zra«Tio.„Sna23)03.15  Thin  films  offer  the 
possibility  of  integrated  manufacturing  of  microsensors, 
microactuators,  and  high  charge  storage  capacitors.  In 
this  article,  we  report  the  synthesis,  characterization, 
polarization-electric  field  (P-E),  and  capacitance-voltage 
(C-V)  response  of  sol-gel  derived  thin  films  in  the  PLZTSn 
perovskite  system.  The  P-E  and  C-V  data  allow  delineation 
of  the  forward  AFE-FE,  and  reverse  FE-AFE,  electric  field 
induced  switching  thresholds.  Electric  field  induced  strain 
and  field  induced  AFE-FE  switching  speeds  are  also  re¬ 
ported  for  select  compositions. 

II.  THIN  FILM  SYNTHESIS  AND  COMPOSITION 
SELECTION 

Several  compositions  in  the  Ph^La^  ( Zr,Ti,Sn )  03 
system  were  chosen  based  on  an  earlier  paper  which 
focused  cm  bulk  ceramic  materials  for  large  displace¬ 
ment  transducers.16  The  pertinent  area  of  the 
PbZrOj-PbTiOj-PbOiSnOj  ternary  phase  diagram  is 
shown  in  Fig.  1;  compositions  studied  are  indicated  in  the 
figure,  and  the  corresponding  chemical  formula  listed  ex¬ 
plicitly  in  Table  I.  This  choice  of  compositions  allowed 
comparison  of  phase  switching  parameters  between  bulk 
and  thin  films. 

Thin  films  of  the  desired  compositions  were  prepared 
by  the  sol-gel  spin-on  technique.  Silicon  wafers  with  tita¬ 
nium  bonded  platinum  electrodes  served  as  substrates.  Pre¬ 
cursors  used  for  preparation  of  the  sol-gel  solutions  in¬ 
cluded  lead  acetate  trihydrate,  tinlv  acetate  (anhydrous), 
lanthanum  isopropoxide,  zirconium  n-propoxide,  and  tita- 
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FIG.  1.  The  PbTiOj-PbZrOj-PbO'-SnC);  (emery  phase  diagram  showing 
the  orthorhombic  antiferroelectric  {A0),  tetragonal  antiferroelectric 
(Ar),  and  low  temperature  rhombohedrat  ferroelectric  (F,(lT))  phase 
fields.  Compositions  studied  are  indicated  (from  Berlincourt,  tee 
Ref.  10). 


nium  isopropoxide.  Details  of  the  sol-gel  precursor  solu¬ 
tion  synthesis  have  been  described  previously,20  and  are 
summarized  in  the  flow  diagram.  Fig.  2. 

Films  were  annealed  by  rapid  thermal  processing,  typ¬ 
ically  at  700  *C  for  20  s,  unless  noted  otherwise.  For  films 
annealed  under  these  conditions,  only  perovskite  reflec¬ 
tions  were  observed  by  grazing  angle  x-ray  diffraction. 
Films  annealed  at  600  *C  were  also  phase  pure  but  required 
extended  annealing  times  to  achieve  equivalent  properties. 
Filins  annealed  above  730  *C  exhibited  hysteresis  loop  deg¬ 
radation  which  can  be  attributed  to  loss  of  Pb  from  the 
film.  Film  thicknesses  were  in  the  range  of  0.3-0.4  pm. 

Microstructures  of  the  films  were  characterized  by 
scanning  electron  microscopy  (SEM).  The  films  were 
found  to  be  very  uniform,  with  microstructures  being  de¬ 
pendent  upon  composition.  Grain  sizes  of  approximately 
0.3  pm  were  observed  for  films  of  composition  4  (Fig.  3). 
Larger  grain  sizes,  of  the  order  of  1.0  pm  were  observed  for 
films  of  compositions  6,  7,  and  9. 


FIG.  2.  Flow  diagram  of  the  sot-gel  (yntbcsia  of  PLZTSn  thin  films. 


III.  FIELD  INDUCED  AFE-FE  PHASE  SWITCHING 
A.  Measurements 

Polarization-electric  field  hysteresis  was  measured  us¬ 
ing  a  modified  Sawyer-Tower  circuit  Electrical  contact 
with  the  film  surface  was  achieved  with  a  Hg-probe  test 
fixture.  The  effective  electrode  area  was  4.3  X 10  ~ 3  cm2. 
Samples  were  driven  with  a  10-15  V,  60  Hz  signal  (10  V 
ss 309  kV/cm  for  film  thickness  studied).  Scanning  elec- 


TABLE  1.  Compositions  studied  and  summary  of  thin  film  and  balk  ceramic  electric  field  induced  twitching  data. 


No. 

Composition 

Thin  film 

Bulk  ceramic* 

^Afr 

(kV/cm) 

Emn 

(kV/cm) 

(kV/cm) 

I’m, 

(fiC/cm1) 

&ATT 

(kV/cm) 

**nni 

(kV/cm) 

(pC/cm*) 

4 

(hhwtiMi)  (ZtiaTiuiSsialO) 

300 

103 

53 

32 

75 

so 

43 

6 

( Pbaeitaaei )  ( Zr^Tio,  i  |Snojj  )Oj 

300 

85* 

23c 

33 

46 

21 

40 

7 

CTbp.*»La0ai)(2ro4*Tio.imSnUj5)Oj 

300 

81* 

4 r 

26 

58 

22 

36 

9 

(  )  ( ZzaasTi#,  uSooljj  )0  j 

300 

It 

...4 

11 

60 

24 

36 

12 

(Fl%yrLaoalfZre«Tio.MSaoJD)0] 

200 

44 

18 

26 

59 

49 

32 

300 

40 

20 

28 

15 

(hhpttMi)  (ZlMtlWCulO) 

200 

89 

62 

21 

300 

87 

59 

24 

400 

87 

54 

26 

16 

(Pt^.v,Laa<BI)(Zrgjt]TittjSNS(iajl))0] 

too 

233 

134 

31 

•Data  from  Ref.  14. 

•Determined  from  C-V  data,  initial  cyde. 


•Determined  from  C-V  data. 
•Metastable  FE  phase  formation. 


FIG.  3.  Typical  SEM  microstructure  of  PLZTSn  thin  films.  Shown  above 
ia  the  photomicrograph  of  a  film  of  composition  4  annealed  at  700  *C  for 
20a 


Iron  microscopy  was  used  to  determine  film  thickness.  All 
measurements  described  were  carried  out  at  25  *C. 

Capacitance  data  as  a  function  of  slowly  varying  bias 
field  was  collected  with  a  computer  interfaced  impedance 
analyzer  (HP  4192A).  Sputtered  Au  electrodes  approxi¬ 
mately  1000  A  thick  and  2.8 X  10~3  cm2  in  area  were  used. 
Capacitance  was  determined  using  a  10  mV,  10  kHz  test 
signal.  Under  these  conditions,  the  dielectric  loss  was  al¬ 
ways  less  than  0.08.  Hie  dc  bias  was  slowly  stepped 
through  0.2  V  increments  in  a  cyclic  manner  between  — 10 
and  +10  V. 

Electric  field  induced  strain  was  measured  using  a  laser 
interferometer  with  a  film  surface  displacement  resolution 
of  10~2  A.21  Phase  switching  was  induced  with  a  500  Hz 
electric  field  of  varying  magnitude  and  under  different  bias 
conditions. 

The  switching  current  was  measured  as  a  function  of 
time  by  the  square  pulse  technique.  The  signal  pick-up 
resistor  was  5  (l  to  reduce  the  RC  constant.  A  parallel 
resistor  of  30  (1  was  used  to  reduce  the  signal  reflection 
during  the  measurements. 


B.  Results  and  discussion 

Dynamic  polarization-electric  field  (P-E)  hysteresis 
curves  were  recorded  for  all  the  compositions,  and  the 
switching  field  data  tabulated  in  Table  I.  The  P-E  traces  for 
compositions  12  and  16,  exemplifying  phase  switching,  are 
shown  in  Fig.  4.  Forward  switching  (AFE-FE)  and  back¬ 
ward  switching  (FE-AFE)  fields  were  determined  by  tak¬ 
ing  the  intersections  of  two  lines  representing  the  steepest 
and  flattest  sections  of  the  hysteresis  loops.  For  composi¬ 
tions  in  close  proximity  to  the  AFE-FE  phase  boundary 
(6,7,9),  switching  threshold  fields  could  not  be  determined 
from  P-E  hysteresis  data.  The  remanence  observed  for 
these  boundary  compositions  indicates  that  some  fraction 
of  the  film  is  retained  in  the  FE  state  at  zero  field.  The 
switching  data  obtained  is  summarized  in  Table  1.  For 
films  of  composition  15,  switching  parameters  were  inves¬ 
tigated  as  a  function  of  applied  field.  The  forward  switch- 


FIG.  4.  Polarization -electric  field  bytteresia  loop  for  thin  Alma  of 
composition  (a)  12,  (b)  16.  Forward  (witching  (AFE-FE)  and  back¬ 
ward  (witching  (FE-AFE)  fields  were  determined  by  taking  the  intaaec- 
tiona  of  two  lines  representing  the  steepest  and  flattest  sections  of  the 
hysteresis  loops. 


ing  threshold  was  constant  as  a  function  of  increasing  field 
from  200  to  400  kV/cm.  However,  the  reverse  switching 
threshold  was  found  to  decrease  and  the  maximum  polar¬ 
ization  increase  as  applied  field  increased.  The  ability  to 
switch  films  of  composition  16,  which  lies  in  the  ortho¬ 
rhombic  AFE  phase  field,  was  an  interesting  result  The 
forward  switching  threshold  of  233  kV/cm  under  an  ap¬ 
plied  field  of  800  kV/cm  is  indicative  of  the  large  free 
energy  difference  between  this  and  the  FE  phase. 

Phase  switching  thresholds  can  also  be  derived  from 
capacitance  as  a  function  of  slowly  varying  bias  field.  The 
relationship  between  the  P-E  hysteresis  and  C-V  data  is 
shown  schematically  in  Fig.  5.  Phase  switching  thresholds 
can  be  estimated  from  the  C-V  curves  by  defining  switch¬ 
ing  as  the  bias  at  maximum  capacitance.  This  definition, 
however,  yields  forward  and  reverse  thresholds  slightly 
larger  than  those  obtained  from  analogous  P-E  hysteresis 
data.  The  incremental  capacitance  data  for  compositions 
12  and  16  is  shown  in  Fig.  6  (compare  with  the  corre¬ 
sponding  P-E  curves  of  Fig.  4).  This  data  made  it  possible 
to  measure  the  threshold  fields  when  the  P-E  curves  were 
ambiguous,  particularly  in  the  case  of  boundary  composi¬ 
tions  (6,7,9).  In  the  case  of  composition  9,  only  forward 
switching  could  be  positively  determined.  The  P-E  and 
C-V  data  indicate  that  a  metastable  FE  phase  is  induced 
upon  application  of  field  to  the  virgin  sample,  and  is  re- 
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FIG.  5.  Schematic  illustration  of  the  relationship  between  P-E  hysteresis 
loop  and  incremental  C-V data. 
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FIG.  7.  Capacitance  decay  of  poled  film  (composition  7). 


tained  to  a  large  extent  after  field  removal.  In  fact,  meta¬ 
stable  ferroelectric  phase  may  be  predominantly  present  in 
boundary  compositions  6,7,9;  the  absence  of  initial  P-E 
curves  on  these  compositions  makes  this  a  distinct  possi¬ 
bility. 

In  all  of  the  thin  films  studied,  the  data  suggests  the 
coexistence  of  FE  and  AFE  phases,  by  the  observed  rema- 


F1G.  6.  Incremental  capacitance  data  for  films  of  composition  (a)  12  and 

(b)  16. 


nence  in  the  P-E  data  (all  cases),  and  the  broadening 
of  the  capacitance  maximum  peaks  in  the  C-V  data, 
(6,7,9).  Greet*9  observed  the  coexistence  of  AFE  and 
FE  domains  in  the  same  grain  by  transmission  electron 
microscopy  of  PLSnZT  bulk  ceramic  materials  of  compo¬ 
sition  (PhQ.97Laa.a2)  (ZrajjSnojjTiftiolOy  (compare  to 
composition  12).  Similar  observations  were  described 
by  Zhiming  et  aL 11  for  ceramics  of  composition 
1^0.991(^1  ->Sny)  ,-*’LiJa99Nbft02O3;  it  was  suggested  that 
the  AFE-FE  phase  boundary  is  not  distinct,  but  can  rather 
be  defined  as  the  composition  where  the  volume  of  coex¬ 
isting  AFE  and  FE  phases  are  equal.  The  observation  of 
forward  switching  by  C-V  analysis  of  film  composition  6, 
which  is  com  positionally  in  the  FE  phase  field,  provides 
the  first  supporting  evidence  to  this  conclusion.  Further 
research  on  these  phase  switchable  thin  films,  especially 
high  resolution  electron  microscopy  (HREM),  is  neces¬ 
sary  to  prove  the  coexistence  of  AFE  and  FE  domains  in 
the  same  grain. 

Berlincourt"  determined  that  a  lateral  contraction  of 
0.02%  occurs  due  to  alignment  of  the  AFE  phase  when 
ceramics  of  composition  Pbn  ■»  ( Zr.Ti.Sn )  n  o.Nhn  mOi  are 
poled;  a  similar  phenomenon  is  observed  in  PLZTSn  ce¬ 
ramics.  Such  a  lateral  contraction  in  thin  films  would  pro¬ 
duce  an  effective  tensile  stress  due  to  substrate  damping 
and  should  favor  the  larger  volume  FE  phase,  assuming  no 
other  stresses.  This  could  lead  to  metastable  FE  phase  for¬ 
mation,  Le.,  a  stress  stabilized  shape  memory  phenomenon. 
Such  an  effect  might  contribute  to  the  retention  of  some 
fraction  of  FE  phase  in  all  compositions  studied.  This 
would  offer  one  explanation  for  the  remanence  observed  in 
all  of  the  P-E  measurements. 

Zhiming  et  aLn  observed  that  the  piezoelectric  coeffi¬ 
cient  d33  and  remanent  polarization  Pr  of  poled  (induced 
metastable  FE  phase)  ceramics  of  composition 
Pbo.99N^o.a2[(Zra«2Snaii)a96»,Lk«i32lawOj  decrease  with 
time,  disappearing  after  about  a  year.  Similar  phenomena 
were  observed  in  thin  films  described  here.  Figure  7  repre¬ 
sents  the  time  dependence  of  capacitance  in  virgin  samples 
of  composition  7  which  have  been  poled  with  a  300  kV/cm 
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FIG.  8.  Field  induced  strain  for  a  film  of  composition  12  as  •  function  of 
field  and  applied  bias. 


field.  It  is  observed  that  the  poled  capacitance  (FE  phase) 
decays  with  time.  This  suggests  that  the  FE  domains 
shrink  at  the  expense  of  AFE  domains,  with  aging.  We 
suggest  that  some  volume  of  FE  phase  will  be  retained, 
however,  due  to  stress  effects  in  the  thin  films. 

In  Table  I,  switching  data  for  bulk  ceramics  of  identi¬ 
cal  compositions  to  those  studied  for  the  thin  films  is  re¬ 
produced  for  comparison  purposes.16  In  most  cases  (com¬ 
positions  4,  6,  7),  the  forward  switching  threshold  fields 
were  significantly  larger  for  the  thin  films  when  compared 
with  the  ceramics;  the  maximum  polarization  values  in  the 
films  were  lower  than  in  the  corresponding  bulk  materials. 

Electric  field  induced  longitudinal  strain  data  for  a  film 
of  composition  12  is  presented  in  Fig.  8.  The  strain  was 
observed  to  increase  with  increasing  ac  and  dc  bias  fields. 
The  measurement  technique  employed  allowed  only  dis¬ 
crete  strain  measurements.  The  maximum  strain  achieved 
was  0.16%;  for  a  bulk  ceramic  of  the  same  composition,  a 
value  of  0.42%  has  been  reported.16  For  these  experiments, 
the  function  generator  used  had  a  maximum  internal  bias 
of  approximately  S  V  (which  corresponds  to  the  highest 
bias  applied  to  120  kV/cm),  and  a  maximum  Vm  of  4.65 
V  (which  corresponds  to  the  maximum  applied  field  of  160 
kV/cm).  The  data  indicates  that  further  increase  of  the 
and  bias  field  would  increase  the  observed  strain.  This 
assumption  is  supported  by  the  increased  polarization  val¬ 
ues  observed  in  the  film  of  composition  15  as  the  field  was 
increased  from  200  to  400  kV/cm,  as  discussed  above. 

For  microactuator  applications,  apart  from  the  field 
induced  polarization  and  strain,  the  parameter  of  interest  is 
the  switching  speed  of  phase  transition  between  the  antif- 
erroelectric  and  ferroelectric  phases.  Figure  9  illustrates 
the  switching  current  as  a  function  of  time  for  a  film  of 
composition  4;  the  film  was  0.43  fim  thick,  with  an  elec¬ 
trode  area  of  250  X  250  pm2.  The  switching  time  is  less 


Tim*  (nS) 


FIG.  9.  Switching  behavior  oT  PLZTSn  thin  film  of  competition  4.  The 
twitching  speed  of  the  film  is  about  300  ns. 


than  300  ns  for  forward  switching  which  is  shorter  than  the 
2  ps  switching  time  reported  for  the  bulk  ceramic  of  equiv¬ 
alent  composition.22  The  backward  switching  time  was 
found  to  be  of  the  same  magnitude  as  the  forward  switch¬ 
ing  time.  The  switching  time  of  phase  transition  is  influ¬ 
enced  by  the  grain  size,  stress,  and  defects  in  the  material. 
Thin  films  are  characterized  by  smaller  grain  sizes  in  gen¬ 
eral  and  lower  level  of  defects  than  the  bulk  ceramic  which 
can  possibly  explain  the  faster  switching  speed  in  the  films. 
Furthermore,  thin  films  have  a  large  surface  area  resulting 
in  faster  heat  dissipation  during  the  field  induced  phase 
transition;  this  aids  in  preventing  the  acceleration  of  fa¬ 
tigue  which  is  a  major  problem  in  the  reliability  of  antif- 
erroelectric  ceramic  devices. 


IV.  SUMMARY 

Thin  films  of  antifcrroelectric  PLZTSn,  which  exhibit 
electric  field  induced  AFE-FE  phase  switching,  have  been 
prepared  by  the  sol-gel  spin-on  technique.  Switching  volt¬ 
ages  (typically  less  than  4  V)  and  threshold  fields  of  these 
films  were  in  a  range  that  permit  its  utility  in  microme¬ 
chanical  devices;  strains  of  0.16%  have  been  measured  in 
these  films.  The  fast  response  of  the  films  was  manifest  in 
the  observed  switching  speed  of  300  ns. 
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ABSTRACT  Dielectric  properties  of  BaCMg^Ta^IO}  in  forms  of  ceramic, 
single  crystal  fiber,  and  polyethylenr.  composite  at  microwave  frequencies  were 
measured.  The  dielectric  constants  23.33,  24.30,  and  26.30  and  the  quality 
factors  8,030, 6.430.  and  larger  than  2.000  at  10  GHz  were  measured  tor  the 
ceramic,  hot  pressed  ceramic  and  the  fiber  respectively.  The  powder  was 
studied  by  forming  composites  of  BafMgi/jTajaKh  -  Polyethylene.  It  is 
found  that  the  experimental  dielectric  constant  values  at  X  band  frequencies  fit 
reasonably  well  to  the  logarithmic  mixture  rale.  A  newly  reported  mixing 
equation  by  Wakino  et  al.  was  studied  by  comparing  with  our  experimental 
results. 


L  INTRODUCTION 

The  AfB'jflB  "2/3)03  (A=Ba2+.Sr2+,  B«Mg2+.Zn2*.Mn2*,  B^Nb^.Ta5*) 
perovskite  compounds  have  been  reported  for  the  application  of  microwave  dielectric 
resonator  W.  These  materials  have  dielectric  constants  22  to  41  and  low  dielectric 
losses.  Ba(Mgi/3Ta2/3>03(BMT)  is  one  of  the  perovskiu  impounds  which  has  been 
reported  with  dielectric  constant  about  25  and  Q  values  5,000  to  30,000  at  10  GHz  IJ 
41  (Table  1).  The  single  crystal  of  BMT  is  recently  identified  to  be  one  of  the  potential 
substrate  materials  for  high  Tc  superconducting  thin  film  at  microwave  applications 
(51.  It  is  cubic  with  a  lattice  constant  a=  0.4088nm  comparing  to  the  YBCO 
superconductor  a*  0.3820nm,  b=  0.3892nm.  The  dielectric  constant  25  is  suitable 
for  many  microwave  device  applications.  Its  very  low  loss  makes  :l  a  good  candidate 
for  substrate  and  support  structure  for  superconductor  antenna  W. 


by  Dr.  O.  W.  Ttyfor 


33 


M 


JYH  SHEEN.  RUYAN  GUO.  A.  S  BHALLA.  and  E  E.  CROSS 


TABLE  1  Reported  Microwave  Dielectric  Propc  "ies  of  BMT  Ceramics. 


f(GHz) 

e' 

Q 

Ref. 

10 

25.4 

5,000-30.000 

[2] 

10.5 

25 

16,800 

[3] 

7 

25 

10,200 

141 

In  this  paper,  we  report  the  dielectric  properties  of  BMT  samples  prepared  in 
various  forms  at  microwave  frequencies.  Dielectric  constants  and  quality  factors  of 
the  ceramic,  hot  pressed  ceramic,  and  single  crystal  fiber  of  BMT  were  systematically 
studied  using  different  microwave  measurement  techniques. 

The  dielectric  constants  of  0:3  composite  samples,  xBMT:  (l-x)Polyethylene 
(PE)  made  by  various  volume  percentages  of  PE  and  BMT  powders  were  measured 
at  X  band  frequencies.  The  experimental  results  were  then  compared  with  the 
logarithmic  mixture  rule  and  a  newly  reported  mixing  equation  by  Wakino  et  al.  I7!.  It 
is  found  that  the  experimental  data  fit  reasonably  well  with  the  logarithmic  rule  and 
Wakino's  equation.  By  extrapolating  the  measured  values  of  dielectric  constant,  the 
dielectric  constant  of  pure  BMT  are  also  estimated. 


IL  EXPERIMENT 

(1)  Sample  Preparation 
(a)  Ceramic  Sample 

Ceramic  specimens  of  BMT  were  prepared  by  solid  state  reaction  using 
conventional  techniques.  Weighted  from  high  purity  magnesium  oxide(3N5). 
tantalum  penta  oxide(4N).  and  barium  carbonate(grade  1),  the  starting  powders  were 
mixed,  ball  milled,  dried,  and  ground.  Well  mixed  fine  powders  were  calcined  in  an 
alumina  crucible  at  1J00°C  for  three  hours.  Calcined  BMT  powder  was 
characterized  by  XRD  to  confirm  the  single  phaae(Hexagonal,  a*  0.5773nm,  c* 
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0.7094nm).  The  powder  with  added  nonaqueous  binder  were  pressed  using  a 
hydraulic  uniaxial  press  into  circular  pellets.  The  binder  was  burned  out  at  S50°C  for 
about  3  hours.  The  binder-free  green  pellets  were  sintered  at  temperature  between 
1,600  to  1,670°C  for  various  soaking  time.  Well  sintered  sample  with  high  density 
and  fully  ordered  hexagonal  perovsldte  phase  were  produced. 

The  hot  pressed  BMT  ceramic  sample  was  provided  by  Dr.  W.  Were  in  g  of  the 
Siemens  Company.  The  ceramic  sample  was  prepared  essentially  using  the  similar 
process  with  additional  grain  growth  and  densification  by  means  of  hydrostatic 
pressing  at  elevated  temperatures. 

(b)  Single  Crystal  Fiber 

The  laser  heated  pedestal  growth  technique  was  used  to  grow  the  BMT  single 
crystal  fiber  (s>.  A  molten  zone  was  formed  on  the  BMT  feed  rod  by  a  CO2  laser  and 
supported  by  the  surface  tension.  A  seed  crystal  was  placed  in  contact  with  the  molten 
zone  and  the  fiber  was  grown  by  pulling  out  of  the  molten  zone  with  die  feedrod 
moving  simultaneously  into  the  molten  zone.  The  pulling  and  feed  rates  were 
controlled  in  range  of  0.5  to  1  mrafmin  with  relative  1:2  reduction  ratio.  Both  die  feed 
rod(0.7mmx0.7mm  in  cross  section)  and  the  seed  rod(0.35mm*0.35mm  in  cross 
section)  were  cut  from  the  ceramic  pellet.  A  [1 12]  oriented  as  grown  BMT  single 
crystal  fiber  with  diameter  0.48  mm  was  used  for  measurement. 

(c)  Composite  Sample 

The  ordered  and  single  phase  BMT  ceramic  powder  and  high  purity  and  low 
density(0.915  g/cm3)  PE  powder  with  reported  dielectric  constant  2.25  and  quality 
factor  2^00  at  10  GHz  1*1  were  used  for  preparing  the  composite  samples.  Suitable 
amounts  of  PE  and  BMT  powders  were  mixed  using  alcohol  as  a  solvent  with  Z1O2 
balls  in  a  plastic  jar  by  ball  milling  for  more  than  10  hours.  After  the  well  mixed 
suspension  was  stirred  and  evaporated  to  almost  dry  state,  it  was  then  baked  in  at 
80°C  in  an  oven  for  4  to  5  hours  to  obtain  the  complete  dried  powder  mixture.  The 
mixture  was  then  pressed  using  a  steel  die  at  a  temperature  of  125°C(the  melting  point 
of  PE  is  1 15°C)  and  under  a  pressure  -7,000  lb/in2  to  make  slab  samples. 
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(2)  Mixture  Rules  for  the  Composite  Samples 


A  series  of  studies  on  the  mixture  rules  are  available  in  the  literature  M.  The 
logarithmic  mixture  rule  is  one  of  the  most  suitable  mixing  rules.  The  logarithmic 
mixture  rule  applies  well  in  the  case  of  high  dielectric  constant  phase  dispersed  in  a 
low  dielectric  constant  matrix  which  is  adequate  in  the  present  case  of  BMT  dispersed 
in  the  PE  matrix.  In  addition,  the  logarithmic  mixture  has  the  advantage  of  having  a 
very  simple  relation  for  deriving  the  extrapolate  J  dielectric  constant  values  from  the 
measured  results.  Recently,  Walrino  et  aL  W  reported  a  new  mixing  equation. 


(V,-V.) 


V|«H 


(V,-V.) 


+  v,e, 


(V,-V0) 


2  fct2 


(1) 


where  e,,  e, i.  and  E&  are  dielectric  constants  of  composite,  materials  1  and  2  and  V| 
and  V2  are  the  volume  fractions  of  materials  1  and  2  respectively.  The  Vo  is  about 
0.35.  For  Vi=Vo,  this  equation  is  the  same  as  the  logarithmic  mixture  rule.  They 
claimed  that  this  new  equation  is  by  far  the  best  among  the  other  equations  reported 
till  now. 

In  this  paper,  the  logarithmic  and  the  new  mixture  rules  are  used  to  compare  with 
our  measured  dielectric  constant  values  of  composite  samples.  Hie  predicted  dielectric 
constant  of  BMT  by  extrapolating  the  dielectric  constants  of  various  composite 
compounds  is  also  given.  We  found  our  measured  data  fit  well  to  the  logarithmic  rale 
and  to  the  new  reported  equation.  The  predicted  dielectric  constant  of  BMT  by  using 
the  log  rule  to  extrapolate  the  measured  values  to  100%  BMT  volume  percentage  is 
-23. 

Because  the  surface  condi tionsfroughness  and  porosity)  of  the  composite 
samples  could  not  be  precisely  controlled  the  quality  factorx(Q-  lAanS)  of  the 
samples  are  not  of  very  precise  values.  The  estimation  of  Q  values  by  this  powder 
mixing  method  is  not  adequate  without  solving  the  surface  condition  problems. 
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(3)  Measurement  Methods 

The  dielectric  constant  of  the  two  BMT  ceramic  samples  were  measured  by  the 
Hakki  and  Coleman  post  resonance  technique  HO]  and  the  quality  factor  was 
measured  by  a  cavity  resonator  transmission  method  I11].  The  dielectric  properties  of 
fiber  were  measured  by  the  cavity  perturbation  technique  (12,13).  The  dielectric 
constants  of  composite  samples  were  measured  by  the  cavity  perturbation  technique 
and  the  SI  1  and  S21  transmission  and  reflection  method  (,41.  Since  the  bad  surface 
conditions  of  the  composite  samples  as  mentioned  before,  two  different  methods 
were  used  to  ensure  accurate  results. 

IIL  EXPERIMENTAL  RESULTS  AND  DISCUSSIONS 
(1)  Ceramic  and  Fiber  Samples 

The  dielectric  constants  and  quality  factors  of  die  BMT  ceramic  and  fiber  samples 
are  listed  in  table2.  The  fiber  sample  has  the  highest  dielectric  constant  followed  by 
the  hot  pressed  ceramic  and  the  ceramic  samples.  However,  the  ceramic  sample  has  a 
higher  quality  factor  than  that  of  the  hot  pressed  sample.  This  agrees  with  the  results 
on  BMT  reported  by  K.  Matsumoto  et  al.  Bl.  They  found  the  dielectric  constant 
increases  with  increasing  the  relative  density  but  the  quality  factor  does  not  always 
increase  with  increasing  relative  density.  Quality  factors  of  both  ceramic  samples 
agree  with  the  reported  values.  The  quality  factor  of  BMT  fiber  is  higher  than  the 
capability  that  our  perturbation  method  can  measure  where  the  highest  Q  value  can  be 
accurately  measured  is  about  2,000  f  ?3J. 


TABLE  2  Dielectric  Properties  of  BMT  at  10  GHz. 


t' 

Q 

Ceramic 

23.33 

8.0S0 

Hot  pressed  ceramic 

24.30 

6,430 

H 


JYH  SHEEN.  RUYAN  GUO.  A  S  BHALLA.  and  L  E  CROSS 


(2)  Composite  Samples 

The  dielectric  constants  of  composite  samples  with  various  volume  percentages 
were  measured  by  the  SI  1  &  S21  technique  and  the  cavity  perturbation  technique. 
Good  agreement  between  the  measured  results  obtained  from  these  two  techniques 
was  desired  to  ensure  correct  measurement  results.  Fig.l  shows  the  results  measured 
by  the  Sll  &  S21  technique  at  X  band  frequencies.  Table3  shows  the  average 
dielectric  constant  values  at  X  band  frequencies  plotted  in  Fig.l  and  the  results 
measured  by  the  perturbation  technique  at  10  GHz.  The  measurement  results  by  the 
two  techniques  have  differences  <3%.  The  avenge  dielectric  constant  value  by  these 
two  methods  was  used  for  extrapolation  on  estimating  the  dielectric  constant  of  pure 
BMT.  In  Fig.2,  the  measured  results  are  compared  with  the  Wakino's  equation,  and 
the  logarithmic  rule.  It  was  found  tire  measured  results  fit  well  to  the  logarithmic  rule 
and  to  the  equation  (1).  By  using  the  logarithmic  mixture  rule,  the  extrapolately 
estimated  dielectric  constant  value  of  pure  BMT  ceramic  is  -23.  Comparing  to  the 
reported  dielectric  constant  -23  on  BMT  l2*4!,  the  difference  is  8%.  However,  if  we 
compare  this  value  with  the  values  of  table2,  the  differences  are  1.4%  and  3.3% 
respectively. 


TABLE  3  Dielectric  Constants  of  the  BMT-PE  Composite  Samples. 


Volume  % 

e* 

■  111  !■ 

100%  PE 

2.25 

2.29 

9.05%  BMT 

3.09 

3.16 

19.3%  BMT 

4.10 

4.01 

37.5%  BMT 

6.09 

5.91 

58.1%  BMT 

8.53 

8.48 
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FIGURE  1  Dielectric  Constants  of  BMT-PE  Composites 
Measured  by  tbeSll  andS21  Technique. 


FIGURE  2  Companion  Experimental  Dots  and  Theoretical 
Expressions. 
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VI  CONCLUSION 

The  dielectric  properties  of  BMT  of  various  forms  are  reported  in  this  paper.  Due 
to  the  moderate  dielectric  constant  and  very  low  loss  value  in  this  material,  it  is  a  very 
attractive  material  for  various  microwave  applications.  Our  measurements  on  the 
dielectric  properties  of  ceramic  samples  are  close  to  the  reported  values.  Single  crystal 
fiber  has  shown  higher  dielectric  constant  value  than  that  of  ceramic  samples. 

Dielectric  constant  of  composite  materials  with  various  mixture  volume 
percentages  of  BMT  and  PE  have  been  investigated  in  X  band  frequencies.  We  found 
our  measured  results  agree  with  the  new  reported  equation  and  with  the  logarithmic 
rule.  With  the  estimation  on  the  dielectric  constant  of  100%  volume  percentage  BMT 
by  the  logarithmic  mixture  rule,  this  powder  mixture  method  gave  a  reasonable 
prediction  on  die  dielectric  constant  of  BMT  ceramic  at  X  band  frequencies. 
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ABSTRACT 


ui 


The  smictural  and  thermodynamic  propenies  of  the  perovskite-structured  solid 
solution  between  lead  titanate  and  the  defect  compound  lanthanum  titanate  have  been 
investigated.  The  end  member  lead  titanate  is  representative  of  a  large  family  of  oxygen 
octahedra  ferroelectrics  that  undergo  discontinuous  phase  transitions  from  a 
centrosymmetric  cubic  prototype  ( Pm3m )  to  a  tetragonal  ferroelectric  phase  ( P4mtn )  of 
the  type  commonly  characterized  by  the  condensation  of  a  Brillouin  zone-center  polar 
lattice  vibrational  mode.  The  aliovalent  substitution  of  lanthanum  (III)  for  lead  (II) 
induces  tricritical-like  behavior  and  diffuses  die  phase  transition. 

To  better  understand  these  changes  in  phase  transition  behavior,  a  series  of  well 
crystallized,  chemically  derived  powder  specimens  were  prepared.  The  temperature 
variation  of  die  order  parameter  (spontaneous  polarization)  through  the  transition  was 
measured  indirectly  by  diffraction  methods  via  the  coupling  to  the  spontaneous  elastic 
strain.  These  data  were  combined  with  calorimetric  data  and  used  to  estimate  the 
renormalization  of  the  relevant  parameters  of  the  thermodynamic  potential  as  a  function 
of  the  extent  of  landianum  doping  within  the  quasi-homogeneous  approximation  of  the 
Landau-Devonshire  theory.  In  addition,  detailed  smictural  information  was  obtained 
on  selected  compositions  using  X-ray  line  profile  analysis,  transmission  electron 
microscopy,  and  powder  neutron  methods. 

The  results  suggested  tiiat  a  systematic  complication  of  the  ferroelectric  domain 
structure  was  responsible  for  the  anomalous  dielectric  behavior.  The  role  played  by 
composition  fluctuations,  heterophase  fluctuations,  extended  defects,  and/or  additions! 
lattice  instabilities  appeared  to  be  secondary.  When  interpreted  within  the  theoretical 
framework  of  the  Landau-Devonshire  formalism,  the  breakdown  of  the  conventional 
first-order  phase  transition  behavior  was  primarily  associated  with  changes  in  the  elastic 
contributions  to  the  thermodynamic  potential. 
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between  the  electrodes  and  ferroelectric  thin  films  played  an  important  role  in 
electrical  properties  at  high  frequencies. 

Piezoelectric  and  electrostrictivc  properties  of  ferroelectric  thin  films  were  studied 
systematically  first  time.  According  to  the  characteristics  of  field  induced  strain,  the 
films  can  be  divided  into  three  groups:  normal  ferroelectric  type  (PZT),  ferroelectric 
relaxor  type  (90PMN10PT),  and  antiferroelectric  type  (PLSZT),  each  of  them  has  its 
own  advantages  for  micromechanical  device  applications.  PZT  (52/48)  tliin  films  has 
a  large  piezoelectric  coefficient.  d33  is  215  (pC/N)  at  d.c.  bias  field  of  75  kV/cm;  d3l 
is  -100  (pC/N)  Electromechanical  coupling  factor  kcff  was  in  the  range  of  0  15-0  49 
The  field  induced  piezoelectricity  in  90PMN10PT  thin  films  is  tunable  by  d.c.  bias 
field,  d33  coefficients  vary  from  27  (pC/N)  to  256  (pC/N).  Electrostrictive  coefficients 
were  M1|=3.5xl0*16  m VV2  and  Qu=1.2xI0'2  nt2/C2  respectively.  The  piezoelectric 
characteristics  of  antiferroelectric  thin  films  (PLSZT)  was  also  controlled  by  electric 
fields.  When  the  fields  are  smaller  than  the  phase  switching  field,  the  film  is  in  the 
"off*  (antiferroelectric)  state;  when  the  fields  are  larger  than  the  phase  switching  field, 
the  film  generates  a  large  field  induced  strain.  The  largest  piezoelectric  coefficient  d33 
is  about  200  (pC/N)  and  tills  value  can  be  entranced  35  times  near  a  resonant 
frequency. 

Finally,  a  cantilever  type  microactuator  was  designed,  and  the  calculated 
parameters  showed  that  the  ferroelectric  thin  film  actuator  has  great  promise. 
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Abstract 

Ferroelectric  thin  films  have  various  potential  applications  in  electronic  devices 
This  thesis  investigated  the  dielectric,  electrical  and  electromechanical  properties  of 
lead  based  ferroelectric  thin  films  and  their  potential  applications  in  microelectronic 
and  micromechanical  devices,  such  as  nonvolatile  random  access  memories,  dynamic 
random  access  memories,  and  microactuators. 

Dielectric  and  ferroelectric  properties  of  thin  films  in  the  lead  zirconate-lead 
titanate  (PZT)  solid  solution  have  been  studied.  X-ray  diffraction  and  ESEM  w  situ 
study  on  the  sol/gel  tliin  film  growth  process  revealed  that  the  ferroelectric  thin  films 
crystallized  rapidly  and  that  rapid  thermal  processing  could  improve  the  quality  of  the 
films.  The  dielectric  constants  and  remanent  polarization  of  the  films  reached  a 
maximum  near  the  morphotrophic  phase  boundary  composition;  the  values  were  1300 
and  35  pC/cm2  respectively.  Lead  zirconate  film  has  antiferroelectric  characteristics 
and  lead  titanate  had  a  fairly  high  remanent  polarization  of  22  pC/cm2  with  a  large 
coercive  field  of  90  kV/cm. 

Ferroelectric  relaxor  composition  of  lead  magnesium  niobate-lead  titanate  (PMN- 
PT)  thin  films  were  also  successfully  fabricated  by  the  sol/gel  technique.  Thin  films 
with  composition  90PMN10PT  liad  dielectric  constant  as  high  as  6300  at  room 
temperature  which  is  the  highest  value  that  has  been  reported  in  ferroelectric  thin 
films. 

Electrical  conduction  and  dielectric  breakdown  mechanism  of  these  films  have 
been  studied.  Dielectric  breakdown  field  was  as  high  as  2  MV/cm  and  leakage  current 
was  as  low  as  10*9  A/cm2  in  PZT  thin  films.  With  some  simplifying  assumptions,  the 
space  charge  model  fit  fairly  well  in  PZT  thin  films.  Charge  injection  is  one  of  the 
main  factors  which  causes  initial  dielectric  breakdown  of  the  films.  Interfacial  layers 
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Abstract 


As  sensor  and  transducer  technology  advances  there  is  an  increasing  need  for 
smart  materials.  When  evaluating  materials  for  smart  applications,  the  weak  field 
dependence  of  the  dielectric  and  piezoelectric  constants  can  be  effective  guides.  Earlier 
studies  in  the  solid  solution  system  of  the  relaxor  ferroelectric  Pb(Mg  1/3^2/3)03  [PMN] 
and  the  ferroelectric  PbTi03  [PT]  have  shown  strong  weak-field  induced  piezoelectric 
effect  Antiferroelectric  materials  have  also  been  shown  to  exhibit  this  desired  non-linear 
response.  It  was  for  this  reason  that  the  solid  solution  of  the  ferroelectric  PT,  and  the 
antiferroelectric  PbZr03  [PZ]  and  the  relaxor  Pb(Zn  1/3^2/3)03  [PZN]  has  been  chosen 
to  be  explored  for  possible  use  as  a  smart  sensor  material  under  weak  DC  fields. 

Solid  solutions  containing  PZ  have  been  widely  studied  in  the  past  due  to  the 
antiferroelectric  to  ferroelectric  phase  transition  and  the  existence  of  morphotropic  phase 
boundaries.  The  systems  to  be  studied  in  this  thesis  are  (x)PZ  -  (y)PZN  [PZZN]  and 
(x)PZ  -  (y)PZN  -  (z)PT  [PZNT].  There  systems  have  been  shown  to  possess  a  room 
temperature  morphotropic  phase  boundary  between  the  orthorhombic  antiferroelectric 
and  rhombohedral  ferroelectric  phases  near  x  ~  93%  PZ.  They  also  look  promising  for 
piezoelectric  and  pyroelectric  applications  due  to  the  large  pyroelectric  figures  of  merit 
Fv  =  0.3  lx  10" 10  C'cm/J  and  FD  =  0.35x10^  C-cm/J,  low  coercive  fields  of  8  to  10  kV/cm, 
large  piezoelectric  coupling  coefficients  such  as  k13~50%  and  remanent  polarizations  on 
the  order  of  23  to  30  nC/cm2- 

This  thesis  has  explored  the  dielectric,  piezoelectric  and  pyroelectric  properties  of 
PZZN  and  PZNT  as  a  function  of  electrical  bias.  The  focus  was  on  those  compositions 
near  the  antiferroelectric  -  ferroelectric  morphotropic  phase  boundary.  In  addition,  a 
phase  diagram  based  on  the  properties  measured  has  been  created. 


IV 


Electrical  bias  was  shown  to  decrease  the  dielectric  constant  of  the  ferroelectric 
phases.  It  was  also  found  to  increase  the  dielectric  constant  for  the  antiferroelectric 
phase.  Of  the  piezoelectric  coefficients  studied,  d3j,  1^  and  kp  showed  little  if  any 
variation  with  electric  field.  For  comparison,  piezoelectric  measurements  were  also 
made  on  a  PZT-5A  sample.  This  sample  showed  an  increase  in  of  d3j  with  increasing 
bias. 

A  typical  room  temperature  dielectric  constant  was  about  350  and  the  loss  factor 
was  found  to  be  2%.  The  ferroelectric  phases  showed  remanent  polarizations  of 
30  pC/cm2.  The  piezoelectric  coefficients  d  31  and  d'31  were  found  to  be  6-7  pC/N  and 
0.35-0.45  pC/N.  The  piezoelectric  coupling  factor  k3i  was  found  to  be  less  than  10%. 

Large  thermal  hysteresis  was  found  in  the  lower  temperature  phase  transitions. 
However,  the  Curie  point  was  found  to  vary  by  only  1  to  2°C.  In  compositions  with  z  > 
93.0  mol%  PZ  the  ferroelectric  phase  was  found  to  be  stable  at  room  temperature  if  poled 
at  a  sufficiently  high  temperature.  Those  compositions  with  z  =  93.0  mol%  PZ  and 
greater  were  found  to  be  easily  poled  at  room  temperature. 


